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ABSTRACT OF DISSERTATION
GROWTH OF SILVER NANOPARTICLES ON TRANSPARENT SUBSTRATES
FROM LIQUID PRECURSORS: IMPROVEMENTS AND APPLICATIONS
Interest in controlling the synthesis of silver nanoparticles in colloidal solutions has
increased during the last two decades. There is also growing interest in forming
layers of silver nanoparticles on substrates, particularly for surface-enhanced Raman
spectroscopy applications. However, methods to grow silver nanoparticles directly
on substrates have not been studied extensively, and there are few techniques for
controlling the size, shape, density, and location of the particles. This work presents
a simple and reliable method to photodeposit silver nanoparticles onto transparent
substrates. The size, shape and deposition density of the nanoparticles are influenced
by the precursor solution, light intensity, and surface modification of the substrate.
This allows control of the optical and electrical properties of the nanoparticle films.
Furthermore, the particles can be patterned using direct laser exposure, scanning
probe methods, and electron-beam lithography. Applications and advantages of this
deposition method are proposed and explored.
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Chapter 1 Introduction
For the past 60 years the study of the very small has had an expansion driven by the
advances in electron microscopy and atomic force microscopy. Today, the word nan-
otechnology is used to describe anything related to fabrication, manipulation, applica-
tion, and detection of materials with sizes ranging between 1 and 100 nanometers[1].
Besides the possibility of developing ultra-small machines, the most interesting fact
about nanometric sized materials is that compared to their larger counterpart, some
of their physical properties are different. Properties believed to be constant for one
material like electrical resistivity, strength, and even color, change by reducing its
dimensions. These changes suggest the possibility of resizing a material to obtain a
desired value for a physical property. The understanding of these phenomena and
the ability to fabricate small materials have brought important applications to the
real world, like more efficient and more powerful electronic devices, or stain and wa-
ter repellent clothes. A continuous advancement and research in nanotechnology can
result in applications in areas like medicine (as less invasive cancer treatments[2]),
manufacturing (forming lighter and stronger materials[3]), or environment (in water
or air pollution treatment[4]).
Among the many areas of interest in nanotechnology, a large group of researchers
is trying to fabricate, manipulate, and understand the behavior of metallic structures
with one or more dimensions reduced to less than 100 nanometers. A metal with
sizes in its three dimensions within the nanoscale range is generally called a metal-
lic nanoparticle. Even though the description of the physical characteristics and the
chemical synthesis of metallic nanoparticles has been around for most of the past cen-
tury, in the last few decades, the enhancement of microscopy techniques has provided
a better way to observe, manipulate and understand objects at the nanoscale. A very
important characteristic of metallic nanoparticles appears when they are illuminated
with a light whose wavelength is comparable in size to the nanoparticles. When light
is incident on a metallic nanoparticle, the electrons in the material (i.e. the electron
cloud) oscillate synchronously. Depending on the size, nanoparticles have a resonant
wavelength at which the amplitude of the electron cloud oscillation is greatest. When
a particle is illuminated with white light, the scattering or reflected light is brighter
at the resonant frequency; hence, silver, which is usually white, can be seen green,
and gold, usually yellow, can be seen red depending on the size of the particle. This
characteristic has multiple applications especially when trying to sense differences in
the surrounding environment of the particles.[5]
Silver nanoparticles have been used for centuries to stain glass and as an an-
tibacterial agent. Nowadays, researchers have found other applications for silver
nanoparticles in the areas of Raman spectroscopy and plasmonic sensing. The pre-
cise fabrication or deposition of specifically shaped nanoparticles has been the interest
of many groups around the world[6, 7, 8, 9, 10]. These researchers have provided us
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with methods to synthesize silver nanoparticles, and to modify their shape while be-
ing formed in solution. Once formed in solution, the nanoparticles can be deposited
onto any substrate; however, few investigations have been made in order to grow con-
trolled silver nanoparticles onto substrates. A direct deposition of silver nanoparticles
has several advantages. First, a simultaneous deposition and patterning in the mi-
crometer scale, when using laser movement, and in the nanometer scale, when using
electron beam lithography and atomic force lithography. Second, denser depositions
compared to deposition from colloidal solutions, which are nearly impossible to de-
posit to form dense films. Finally, a location, morphology, and amount of material
control, compared to electroless plating for chemical bath deposition. In this work,
a method to deposit silver nanoparticles and control some of their structural charac-
teristics is given; additionally, some applications of the nanoparticles deposited using
this method are described.
This document is divided into six chapters. The first chapter is this introduc-
tion. Each of the next three chapters contains a background and literature review
section to introduce the reader to the concepts needed to understand the chapter.
The second chapter explains the silver deposition method; it emphasizes the control
of the shape and size of the nanoparticles and the control of the density of the film
formed by the deposited nanoparticles. The third chapter describes an improvement
on a scanning probe patterning method introduced by our research group previously.
Also, one of the sections shows a different method the group tried to pattern the
nanoparticle film using electron-beam lithography. The fourth chapter introduces an
important application of the deposited silver nanoparticles: developing sensors by
using plasmonic resonance and modification in the structure of the particles. The
fifth chapter states the conclusions derived from this work, and the sixth and final,
chapter proposes future experiments to continue the research on this exciting area.
Copyright c© Carlos A. Jarro, 2013.
2
Chapter 2 Silver Nanoparticles Synthesis and Deposition
In the medieval times, early alchemists and glass makers noticed that adding a silver
compound, generally oxide[11], to melted glass resulted in a yellow colored glass when
solidified. Although the process to make colored glass was well established, the cause
of the color was not understood. They did not have the tools to understand that
the yellow color came from silver nanoparticles formed inside the glass. The process
glass makers practiced to form silver nanoparticles follows a formula still used today
to synthesize colloidal nanoparticles: the reduction of a silver compound by means
of a reducing agent and the suspension of the particles inside the liquid aided by a
capping agent[12].
This chapter describes an inexpensive and simple method to deposit silver nanopar-
ticles on transparent substrates. A theoretical background on silver synthesis is given
along with a literature review for silver nanoparticle deposition. In addition to the
introduction of the method and initial results, a series of experiments are explained
that resulted in the improvement of the deposition.
2.1 Background and Previous Work
With current technologies chemists have a much broader understanding of the syn-
thesis of silver nanoparticles in colloidal solutions than the medieval alchemists had.
Different techniques have been proposed and are still being discovered for the forma-
tion of silver nanoparticles, among them, physical methods, like evaporation[13, 14]
and laser ablation[15, 16], and chemical methods using different precursors, stabiliz-
ers and reductants.[17]
The formation of silver nanoparticles by chemical methods is not complicated;
however, controlling the size and shape of the formed nanoparticles has been a diffi-
cult undertaking. One of the most successful methods to control the shape of silver
nanoparticles formed in solutions has been proposed by Sun and Xia[18]. In their
method they use silver nitrate (AgNO3) as the precursor, ethylene glycol as the re-
ducing agent, and poly(vinyl pyrrolidone) (PVP) as the capping agent. Controlling
the temperature and the concentration of the silver nitrate and the PVP, Sun and
Xia were able to synthesize nanocubes. Other researchers have not been as successful
in growing nanoparticles with specific shapes; however, many authors have proposed
methods to modify the shapes and sizes of particles originally formed in colloidal
solutions.[19, 20, 7, 6]
A different popular method to achieve synthesis of silver nanoparticles replaces
the elevated temperatures by illumination. In the early 1800’s the fathers of photog-
raphy were already experimenting with the darkening effect light had on solutions
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made of silver nitrate and silver chloride[21]. The efforts to find a good solution to
produce high quality photography boosted the studies of photochemical reduction of
silver compounds. In film photography a silver halide (mostly silver bromide or silver
chloride) is exposed to a very low intensity light (reflected from the object to image).
The exposure forms a few silver atoms within the silver halide crystal. The more
light the crystal receives; the more silver atoms are formed. This process receives the
name of photoreduction. The information contained within these photoreduced silver
crystals is called the latent image. To develop the latent image, a solution is used
to continue the reduction of silver from the silver halide. The developer reduces the
exposed silver halide crystals at a faster rate than the unexposed crystals[22] replac-
ing the halide crystal with a silver crystal. It is interesting to note that the shapes
of the silver halide crystals are very similar to the shapes of silver crystals obtained
when using current methods of photoreduction. Researchers of the photographic in-
dustry, as well as more recent authors have shown that these crystal structures can
be explained by means of twin planes formation or twinning.[23, 24, 25] Although
the crystal shapes and the physicochemical concepts involved in the formation of the
latent image in film photography may be similar to the ones used for the synthesis
of colloidal nanoparticles, the modern reduction methods, process and solutions are
very different.
Several methods for the photoreduction of silver nanoparticles and the genera-
tion of colloidal solutions have been proposed since the 1990’s. One of the firsts
research groups interested in photoreduction as a method to form colloidal solutions
was Huang et al.[26] In their investigations, they used UV illumination (254 nm) to
reduce silver nitrate in the presence of poly(N-vinylpyrrolidone) (PVP). This illumi-
nation was done for up to 300 minutes and it returned nanoparticles of around 20
nm. Since then, several ways to photoreduce silver nanoparticles have been proposed;
most of them, based on two different precursors: AgClO4[27] and AgNO3.[28] Like-
wise, proposed methods include illumination systems like lamps[29], continuous wave
lasers[30], and pulsed lasers[20]; with wavelengths ranging from 254 nm[26] to 800
nm[31].
After fabricating silver nanoparticles in solution the placement on top of a sub-
strate is not difficult; however, the capping agent, added in most of the methods
proposed to form metallic nanoparticles in solution, is an obstacle for applications
that need continuous patterns or films of silver nanoparticles. Capping agents, nor-
mally electrically charged molecules or micelles, are used to prevent overgrowth and
agglomeration of silver nanoparticles. For applications in which some clustering is
needed to form a continuous film or continuous patterns, a good alternative is to grow
the nanoparticles directly on the substrate.
In the first years of silver nanoparticles deposition on substrates, ion implanta-
tion was used along with laser irradiation to obtain silver nanoparticles implanted in
glass substrates.[32] In 2001 Lachish-Zalait et al. [33] wrote silver micropatterns on
glass substrates using an 830nm laser focused down to a spot size of 0.5 µm and 10
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mW of power. These patterns with widths of more than 3 µm were composed of a
series of agglomerated silver nanoparticles, and using different capping solutions they
obtained different structures for the nanoparticles. However, the authors did not an-
alyze a possible photochemical effect on the deposition and attributed the deposition
to photothermal effects.
Bjerneld et al. were one of the first groups to photodeposit silver onto substrates
specifically for surface enhanced Raman spectroscopy (SERS).[34, 35] In their papers
they described a low intensity, visible wavelength, laser illumination of a glass slide
in contact with a solution containing sodium citrate and silver nitrate. From then
on several authors achieved deposition on substrates and obtained enhanced Raman
measurements.[36, 37, 38, 39]
Not many authors have been interested in analyzing the conditions for the for-
mation of silver nanoparticles with specific structures on substrates. Jia et al.[40]
were one of the few; in their 2008 article, they dipped a quartz substrate, covered
by poly(diallydimethylammonium) (PDDA), in a solution with nanoparticles seeds.
Next, they illuminated the sample, with a lamp of 589 nm of wavelength, while it
was in contact with a silver precursor based on silver nitrate and sodium citrate.
Their results were silver nanoparticles shaped like triangular and hexagonal plates
among spherical nanoparticles. In 2011, based on a silver nitrate and sodium citrate
precursor, Xu et al.[38] deposited silver nanoplates onto a microfluidic channel by
illuminating the bottom of the channel with a pulsed laser of 800nm wavelength. All
of the silver deposited had plate-like shapes and they were grown vertically from the
substrate. They do not address a correlation between intensity and silver nanopar-
ticles’ shape in the paper; however, the supplementary information shows that the
deposited nanoparticles had different shapes depending on the intensity of the illu-
mination.
2.2 Photodeposition Method used in this Work
The process of photodeposition used in this work is based on a silver nitrate precursor.
Dissolved sodium citrate acts as the reductant and the capping agent. The reaction a
photon starts when it is absorbed by a sodium citrate and silver nitrate aqueous solu-
tion resulting in the reduction of silver atoms from silver nitrate has been explained
before.[8, 41] The citrate, in close proximity with the silver ion, absorbs a high energy
photon forming acetone 1,3-dicarboxylate and carbon dioxide, and releasing one elec-
tron; that will join the silver ion. The newly neutralized silver is still near a citrate
molecule that absorbs a photon and releases another electron this electron can take
two paths: join the silver atom charging it negatively, or neutralize a different silver
ion. If the electron joins the silver forming negatively charged silver, other ions will
be attracted to it promoting the growth of a silver nanoparticle. Equations 2.1 and
2.2 describe this process.
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Citrate + Ag+
hv−→ acetone−1, 3− dicarboxilate + CO2 + Agn (2.1)
Citrate + Agn
hv−→ acetone−1, 3− dicarboxilate + CO2 + Ag−n (2.2)
Ag−n + Ag
+ −→ Agn+1
According to the deposition method a simple hypothesis will state that the higher the
intensity of the illumination, the larger quantity of material is deposited. The way the
silver adheres to the illuminated substrate is still not clear, but one can speculate that
illumination, or heat increase will cause charging in impurities or glass components
that electrostatically will attract and reduce silver ions and promote growth of silver
adhered to the substrate. The investigations described in the following sections not
only provide a method to reliably deposit silver nanoparticles onto glass substrates,
but also, introduce the possibility of controlling the size and shape of the nanoparti-
cles by changing the citrate and precursor concentrations and modifying the intensity
of the illuminations.
2.3 Experimental Setup
A descriptive diagram of the main sections of the experimental setup is shown in
figure 2.1. An aqueous solution obtained from mixing sodium citrate (NaC6H7O7)
and silver nitrate (AgNO3), from Sigma-Aldrich (S4641 and 209139 respectively),
was placed in contact with an APTES coated, or a non-coated glass slide, or a glass
slide, coated with indium tin oxide (ITO), serving as a substrate. Different solutions
were prepared by combining concentrations of sodium citrate and silver nitrate of 0.1
mM, 1 mM, and 10 mM. The glass slide, from Fisher Scientific (Premium Microscope
Slides Cat. No. 12-544-1), was previously cleaned by ultrasonication in acetone, iso-
propanol, and de-ionized (DI) water, for five minutes each, followed by five minutes
exposure to oxygen plasma etch. ITO coated slides were dipped for five minutes in
a solution of 50 mM sodium hydroxide (NaOH) dissolved in de-ionized (DI) water
to increase the hydroxyl groups attached to the surface. The APTES coating was
prepared by laying APTES, diluted in DI water at 10%, on top of the slide and leav-
ing it sitting at room temperature for 30 minutes. After 30 minutes the sample was
washed thoroughly with DI water and dried by flowing nitrogen.
The sample was illuminated with a focused, continuous wave laser in order to
obtain silver photoreduction. The laser wavelength is 532 nm and was focused using
a 0.25 numerical aperture objective such that its intensity ranged from 50 W/cm2 to
600 W/cm2 at the substrate-precursor interface. Unless noted differently, the term
intensity will be used in this work as the average intensity over the area (average
6
O-ring
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Coating Glass
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Beam
Figure 2.1: Illumination system setup. A glass, or ITO-glass slide, in some cases
coated with an APTES layer is holding an aqueous solution that reacts with light
and forms silver nanoparticles. A microscope objective is used to illuminate a section
of the glass-liquid interface in order to deposit silver on the substrate.
power density) formed by the laser beam’s intersection with the glass-liquid interface
plane. The laser was introduced through a polarization maintaining single mode fiber
to spatially filter the beam. A dichroic mirror was located between the collimator
and the objective as a beam splitter, and the lower intensity beam was routed to a
photodetector to monitor the incident power. The beam power was measured with a
silicon and germanium photodiode sensor (Coherent OP-2 VIS), and the intensities
estimated using a spot size calculated after measuring the distance between the lens
and the deposited surface of the glass slide, the focal length of the objective, and the
spot size of the laser beam. A knife edge technique was used, before the focusing
lens, to measure the spot size of the laser beam at 1/e2 of the peak intensity.
2.4 Deposition on Different Transparent Substrates
Two different substrates were used for the photodeposition in this project. Deposition
is better or worse depending on the surface you are trying to deposit the particles on.
For this work, because the illumination is made through the substrate, only trans-
parent substrates were used.
The first type of substrate we tried to use for the silver deposition was a glass-ITO
slide. Since the ITO layer of the slide is conductive, these slides are more convenient
when imaging the deposition with the scanning electron microscope. The deposition
on ITO proved to be more complicated than the deposition in glass. Figure 2.2 shows
two depositions made with the same intensity, and for the same time on different
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surfaces. The image shows clearly that there are more particles deposited on the
glass surface. A small cleared area is shown in the figure because these depositions
were formed while an AFM tip was scanned over the illuminated region for a project
published elsewhere.[42, 43]
50µm
(b)(a)
Figure 2.2: Comparison between the deposition on ITO and glass. Deposition of
silver nanoparticles on (a) an ITO layer and (b) a glass substrate. The depositions
where made with a 5 minute illumination at 90 W/cm2 of intensity and during an
AFM scan over the illuminated area.
Cañamares et al.[36] suggested that photoreduced silver nanoparticles adhered
better to hydrophillic surfaces. This statement would be in agreement with the ITO
versus glass comparison since the ITO surface is more hydrophobic than plain glass;
however, there has not been enough evidence in our research to fully support this
statement and neither the literature review shows a conclusive answer to the adher-
ence question. As it will be shown later a positively charged coating will enhance
deposition on a substrate. This can lead to think that local charging in glass can be
critical in the deposition method.
2.5 Optimizing the Precursor and Capping Agent Concentrations
With a nanopatterning application in mind, introduced in 2012,[42, 43] and the desire
of understanding better the silver photodeposition, a combination of solutions was
tested in order to find the one that returned the smallest nanoparticle size with the
greatest number of particles per area.
For the experiments, several glass substrates, prepared as mentioned in section
2.3, where illuminated with the setup shown in figure 2.1 while holding a solution of
different precursor and reductant/cap concentrations. The solutions were obtained
by mixing sodium citrate and silver nitrate dissolved in DI water at concentrations
of 0.1 mM, 1 mM and 10 mM. From the nine solutions only seven were useful. The
slide illuminated while holding the solution with 0.1 mM sodium citrate and 0.1 mM
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silver nitrate did not present any deposition. The solution made with 10 mM sodium
citrate and 10 mM silver nitrate reacted immediately after mixing forming a turbid,
white solution. Researchers have use additives like NaOH[44] to balance the pH level
and be able to use the high concentration solutions; however, for these experiments it
was important to avoid differences in the concentration of the solutions. For each of
the liquid precursors, ten different illuminations were made maintaining an intensity
of 140W/cm2 and with an illumination time of five minutes. Figure 2.3 shows the
depositions made with the solution containing 1 mM of sodium citrate and 1 mM of
silver nitrate.
200µm
Figure 2.3: Example of depositions. SEM image of the ten depositions made with
the solution containing 1 mM sodium citrate and 1 mM silver nitrate. Three of the
deposition spots were selected to do computerized particle size estimation.
Each of the ten illuminations should have left a deposited area; three of the de-
posited areas were selected to do a counting analysis. To do the particle counting
and size estimation, each of the selected 21 depositions (three per solution that left
deposition) was image on an SEM such that the particles were easily visible. One
image was taken, with a magnification of 20,000X, from the center of the deposition
and approximately 10 µm to the right until no more particles were seen in the images.
In total seven images were taken for each of the selected depositions. In each image
the number of particles, size of particles and percentage of substrate coverage of the
particles was estimated using an image processing software called Gwyddion. This
software has been designed for AFM imaging; for the same reason, it has good tools
to count grains which were very appropriate for the estimation needed in this work.
For this type of deposition the computational counting of particles has some limi-
tations, especially when the image contains clusters of particles. Figure 2.4 shows an
example of the possibility of error. When the particles agglomerate making clusters
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(e.g. figure 2.4(a)) the mask generated by the software will count several particles
as one (e.g. figure 2.4(c)); this affects the particle number, and the particle size but
the coverage percentage is always precise. For the depositions in which the particles
are small and spread (e.g. figure 2.4(b)) the masking method was very reliable (see
figure 2.4(d)). Even with the counting limitation, the alternative of counting by hand
thousands of particles in each of the 147 images seems unpractical. After making the
analysis on a small section of the sample it was realized that the final goal of finding
the solution which forms the smallest nanoparticles and the larger percentage of area
coverage would not be influenced by the error of the automated calculations.
(d)(c)
600nm
(b)(a)
Figure 2.4: Particle counting masks. (a)(b) Original SEM images processed in Gwyd-
dion software for particle counting. (c) Mask used for the center particles generated
with 1 mM sodium citrate and 1 mM silver nitrate. The agglomerated particles are
counted as one; hence, the size of the particles is overestimated. On the other hand,
the area coverage is calculated correctly. (d) Mask used for the region 10 µm to the
right of the center of the deposition generated with 1 mM sodium citrate and 10
mM silver nitrate. Since the particles are small and separated, the counting and size
calculation methods are reliable.
Table 2.1 shows the average results for the images taken 30 µm to the right of the
center of the depositions for the seven useful solutions. In general the solutions made
with 10 mM silver nitrate and 0.1 mM sodium citrate and 10 mM silver nitrate and
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1 mM sodium citrate, have the smallest nanoparticles. It is also seen that the area
coverage generated by these solutions was not optimal; however, achieving a small
nanoparticle was considered more important for the patterning application. The so-
lution made by mixing 10 mM silver nitrate and 1 mM sodium citrate was used for
the experiments made in the following sections.
Table 2.1: Solution concentration optimization. Average diameter, diameter standard
deviation (DSD), and coverage percentage for each solution measured in a region
about 30 µm from the center of the deposition.
Silver Nitrate
0.1 mM 1 mM 10 mM
Sodium
Citrate
0.1 mM
Deposition 38 nm diameter 36 nm diameter
not observed 4.5 nm DSD 3.7 nm DSD
0.7% coverage 10.2% coverage
1 mM
55 nm diameter 85 nm diameter 34 nm diameter
6.8 nm DSD 10.1 nm DSD 1.8 nm DSD
2.2% coverage 18.4% coverage 11.2% coverage
10 mM
110 nm diameter 136 nm diameter Reacted
4.7 nm DSD 14.5 nm DSD without illumination
10.3% coverage 27.6% coverage (Not used for deposition)
Most of the illuminated solutions left a deposition in which the center of the de-
posited area contains larger particles or a larger number of particles to obtain greater
area coverage; however, the two solutions tested, made with 10 mM of sodium citrate,
show depositions with fewer particles in the center of the illuminated region (e.g. fig-
ure 2.5).
This phenomenon is counterintuitive to the initial hypothesis stating that if the
photoreducing beam local intensity is higher, there will be more material deposited
in the area. These reduced deposition sites are present for special conditions of
illumination intensity and citrate concentration. This aspect of the photodeposition
of silver nanoparticles from liquid precursors is another indication of the complex
process and the multiple variables influencing the deposition. It is possible that
at high intensities an elevated temperature in the center of the illuminated area
will increase the movement of solution if not local boiling which can displace newly
reduced particles to the sides.
2.6 APTES Coating
Although the deposition achieved on glass substrates with an improved concentration
of precursor, and reductant and capping agent is good in terms of nanoparticle size,
is far from optimum in terms of percentage of coverage of the substrate by silver
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(b)
(a)
Figure 2.5: Typical deposition results when using high sodium citrate concentrations.
(a) Deposition obtained after illumination of a slide in contact with a solution made
with 10 mM sodium citrate and 0.1 mM silver nitrate. (b) Deposition obtained after
illumination of a slide with a solution made with 10 mM sodium citrate and 1 mM
silver nitrate.
nanoparticles. To improve the area coverage one could increase the intensity; how-
ever, as it was shown in section 2.5 a high intensity could result in less deposition
in the center of the illuminated area and larger particles. Previous investigations
have shown that the use of coatings like PVP[45], 3-aminopropyltrimethoxysilane
APTMS[34] and APTES[46, 47] can improve the adherence of metallic nanoparti-
cles to silicon and glass substrates. In this section the results of experiments using
APTES to coat a glass slide are shown. The glass slides were coated using the process
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described in section 2.3.
The strong bonding between glass and silver nanoparticles through APTES is ex-
plained in figure 2.6. When mixed together, water and APTES react forming ethanol
and what some researchers call activated APTES. An activated APTES molecule
contains a hydroxyl group in at least one of the silicon bonds. Additionally, water
reacts with the amine-group protonating the molecule; that is, converting NH2 into
NH3+. A clean glass surface contains numerous hydroxyl groups attached to the sil-
icon; these groups react by condensation with the hydroxyl groups in the activated
APTES molecule forming a strong bond between glass and APTES through oxygen.
It is clear that not all the hydroxyl groups in the APTES will react with a hydroxyl
group in the glass. Most likely, APTES will also react with other APTES molecules
forming a complex network; however, the illustration in figure 2.6 is good enough
to describe the basic operation of the coating. The capping agent used in this work
(citrate) surrounds every silver nanoparticle giving them a negative charge. The pro-
tonated APTES attached to the glass surface will attract the negatively charged silver
particle and bond it to the substrate.
Figure 2.6: APTES coating mechanism. APTES mixed with water reacts replacing
one or more of the silicon-methyl bonds with silicon-hydroxyl chains and protonating
the ammonia group. When in contact with the glass slide the activated APTES reacts
with the hydroxyl groups on the surface to form covalent bonds through oxygen.
The deposition area coverage obtained when the glass slide was coated with
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APTES was impressive. Figure 2.7 shows the results from two illuminations made
with the same intensity and during the same time for an un-treated glass slide and
an APTES coated glass slide. To obtain these results, 16 illuminations with different
intensities and times were made for a coated and an un-coated slide. The highest
coverage on the un-treated glass slide was obtained with a ten minute illumination
at an intensity of 570W/cm2 and is shown in figure 2.7(a). Figure 2.7(b) shows the
results of deposition for the same illumination intensity and time; however, approx-
imately the same coverage was obtained even for the smallest intensity and shortest
illumination time. As it can be seen, the coated sample shows many more silver
nanoparticles attached. It appears that the nanoparticles are so close together that
they form a continuous film (approximately 100% of area coverage). On the other
hand, the densest region in the deposited area of a non-coated sample has an area
coverage of around 34%.
The deposition on the APTES coated glass slide also revealed a difference in the
structure of the deposited particles. While almost all of the particles deposited on
the non-coated glass have the same shape; the depositions on the APTES treated
glass have a variety of structures including quasi-spherical nanoparticles, vertical
plates, horizontal plates and clusters of nanoplates. It is believed that the shape of
the nanoparticles obtained on the APTES coated sample is related to the local illu-
mination intensity used to generate the growth as it will be shown in the next section.
2.7 Correlation between Structure and Intensity
The ability of using APTES to attract many of the formed nanoparticles, allows us to
analyze differences between the nanoparticles grown with different local intensities.
Figure 2.8 shows two types of particles grown, on the center of a deposition, on an
APTES coated sample using the same illumination system, same liquid precursor,
and same illumination time (4 minutes), but different intensity. The intensities used
for the generation of the particles shown in figure 2.8 were approximately 100W/cm2
for figure 2.8(a) and 570W/cm2 for figure 2.8(b). As it can be seen, the structure of
the nanoparticles formed is completely different; the particles formed with a higher
intensity are more spherical and the particles obtained by using low intensity illu-
mination are mostly plate-like. Even more, because the illumination beam has an
intensity of Gaussian profile, a deposition obtained with the same illumination can
generate both types of structures along the deposition area.
Another type of structure is obtained when the illumination is made with very
low intensities. This is observed at the edge of almost every deposition and an ex-
ample is shown in figure 2.9. These particles where made with an illumination time
of 100 seconds and an average intensity of 570 W/cm2; however, these particles are
located at the very edge of the deposited area, which means that, assuming a per-
fect Gaussian beam, the local intensity that formed this edge particles is less than 0.3
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(a)
(b)
Figure 2.7: Deposition density with and without APTES coating. (a) Deposition of
silver obtained by illumination of a glass-liquid interface without processing the glass
with any coating. (b) Deposition of silver obtained by illumination of a glass-liquid
interface in which the glass slide has been coated with APTES.
W/cm2. These low intensities form plate-like nanoparticles lying flat on the substrate.
Additional illuminations were made to verify if the amount of energy or “dose”
of the illumination was correlated with the final shape of the nanoparticles. Figure
2.10 shows SEM images of the particles generated in the center of the deposits, with
illuminations of the same dose but different time and intensities. The intensities
and time used for the depositions shown in figures 2.10(a) to (d) were around 570
W/cm2 and 100 seconds, 360 W/cm2 and 150 seconds, 260 W/cm2 and 4 minutes,
and 100 W/cm2 and 10 minutes respectively. These numbers were picked to main-
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(a)
(b)
Figure 2.8: Comparison of the structure of silver nanoparticles. (a) Silver nanoparti-
cles formed by an illumination of 100 W/cm2. (b) Silver nanoparticles formed by an
illumination of 570 W/cm2.
tain a dose of approximately 60 KJ/cm2. As it can be seen in figures 2.10(a) and
(b) the nanoparticles formed are semi-spherical but as the intensity decreases (see
figure 2.10(c)) more plate-like nanoparticles are formed, until the deposits are made
of plate-like particles only (see figure 2.10(d)). The preference of silver to grow in
crystalline plate-like structures has been studied before in crystallographic analysis
made from silver halides.[25, 48] These authors suggest that conditions that induce
rapid nucleation produce small clusters that agglomerate into round nanoparticles,
while slower nucleation followed by diffusion limited growth tends to form more crys-
talline plates. The results obtained from the experimentation done in this section
seem to agree with this statement.
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Figure 2.9: Flat plate-like structures. Particles formed at the edge of the deposition
using an average illumination of 570 W/cm2 for 100 seconds. Due to the nature of
the Gaussian beam illumination the local intensity forming these particles could be
of less than 0.3 W/cm2.
800nm
(a) (b) (c) (d)
Figure 2.10: Same dose comparison. Nanoparticles found in the center of the deposi-
tion made with illuminations of (a) 570 W/cm2 for 100 seconds, (b) 360 W/cm2 for
150 seconds, (c) 260 W/cm2 for 4 minutes, and (d) 100 W/cm2 for 10 minutes.
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2.8 Silver Quantities Deposited
The coating of the glass substrate with APTES not only revealed different nanopar-
ticles shape, it also showed another effect. Figure 2.11(a) shows the deposition after
a 4 minute illumination with an intensity of more than 550 W/cm2.
(a)
(b)
50µm
Figure 2.11: Mapping of the silver content in the deposit. (a) SEM of the deposited
area. (b) Map of the Ag La1 peak. The EDS map shows that the ring formed by
plate-like particles contains more silver than the other regions of the deposition.
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When examined through both the optical and the scanning electron microscopes,
a ring of higher contrast can be seen surrounding the center of the deposition. As
mentioned in section 2.7 The areas surrounding the center of the deposition present
vertical standing plate-like particles. More scattering can be obtained due to the
shape of the silver particles and hence the observer can believe to have more silver
located around this ring. To verify the homogeneous amount of silver in every region
of the deposition an energy-dispersive X-ray spectroscopy (EDS) map was done. The
results of the EDS measurement are shown in figure 2.11(b).
The EDS results showed that there is actually more silver in the ring area. A pro-
filometer measurement was made on this deposition and shown in figure 2.12. The
measurement shows that the height of the deposition is 2.5 times larger at the ring
area than at the center. Both instruments, EDS and the profilometer, corroborate
that the ring is not a visual effect but that in reality the deposition is higher in the
area closely surrounding the middle, than in the center itself.
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Figure 2.12: Profile of a deposition. Results of the profilometer for the deposition
shown in figure 2.11. The thickness of the deposition surrounding the center is about
twice the thickness of the deposition in the middle area.
Many causes could be affecting the deposition in the center of the film. On one
side, the very high intensity incident in the center of the deposition can be depleting
the citrate quantity faster than in the nearby regions. Being the citrate the material
giving the extra electron to form the silver, a depletion of citrate will prevent any
formation of solid silver in that area. Another explanation can be attributed to a
larger penetration of the electromagnetic waves of the incident light on a film made
by plate-like nanoparticles; if the laser is able to reduce silver for longer times in this
area a thicker deposition can be obtained. Finally, this difference in the film thickness
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can be related to the reduced deposition shown in the last part of section 2.5 in which
the center of the depositions made with high citrate concentration presented little to
no particles deposited. In this case APTES may be able to retain some of the particles
on the substrate; however, plate-like particles or the seeds for plate like particles can
be displaced to the neighboring areas.
Copyright c© Carlos A. Jarro, 2013.
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Chapter 3 Patterning Using an Improved Deposition
As mentioned previously, most of the efforts in the improvement of the deposition de-
scribed in chapter 2 were made to further develop a patterning technique introduced
by our lab in previous publications.[42, 43] This patterning method attempted to use
an illuminated AFM tip to enhance photoreduction at the apex of the tip. However,
scanning in contact mode removed the formed nanoparticles and suppressed depo-
sition in the scanned area. Nonetheless, a negative tone patterning technique was
proposed in which a region free of particles could be created within a field of dense
particles.
This chapter presents the improvements of the negative tone patterning tech-
nique using AFM tips and photodeposited silver nanoparticles from liquid precur-
sors. Additionally, a different method of patterning is proposed. The new method
uses photodeposition of silver from liquid precursors in combination with electron
beam lithography (EBL) of a poly(methyl methacrylate) (PMMA) coated transpar-
ent substrate.
In this chapter a background section with theoretical concepts and literature re-
view is given to set up the basic understanding of the problems to be solved by
the experiments proposed. Next, a section explains the modifications made to the
experimental setup described in section 2.3 to make the patterns. Finally, the last
three sections explain the negative tone patterning improvements and the experiments
made to pattern using AFM tip enhanced fields and EBL.
3.1 Background and Previous Work
In this section a basic description of the plasmonic field enhancement theories, the
concepts of atomic force microscopy, and the concepts of electron beam lithography
is given. These techniques were used to obtain silver nanoparticle patterns. The
author does not intend to provide a comprehensive explanation of the theoretical
concepts neither to give a complete review of the related techniques used for pattern-
ing; however, important references will be given such that the reader can deepen his
knowledge on the concepts and instruments if it is desired.
Plasmonic field enhancement
When light is incident on a metal, part of the light is absorbed, and part is scattered.
The scattered light is what it is detected as the color of a metal (e. g. the yellow
color of gold). When light, travelling inside a prism, is incident on the surface of
a thin metal, whose real part of the dielectric constant has an opposite sign to the
real part of the dielectric constant of the material surrounding the metallic film, a
charge density wave, called surface plasmon wave, can be present in the interface
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of the two materials. The plasmon wave is generated by the joint oscillation of the
electron cloud present inside good conductors. This plasmon wave increases the elec-
tromagnetic field intensity at the interface, making it larger than the intensity of
the incident light. The plasmon wave is also confined to the interface plane, having
smaller dimensions than the wavelength of the incident light and can propagate for
some distance along this interface.
A surface plasmon wave can only be excited by light, with a certain wavelength,
traveling at a certain angle in a prism, incident in a thin metallic film surrounded
by a dielectric material with a certain refractive index. The angle of incidence and
the wavelength an electromagnetic wave needs to have to excite a surface plasmon
wave depends on the dielectric constants of the metal and the dielectric. Another way
to generate a surface plasmon wave is to directly illuminate a grating on a metallic
surface. When light generates a surface plasmon wave on a flat film, the wavelength
of the plasmon wave is not reflected; hence, if the incident light is a white light, the
reflected spectrum will contain most of the wavelengths except the wavelength of the
surface plasmon wave. This wavelength is called the surface plasmon resonance (SPR)
wavelength and it is easily measured by comparing the spectrum of the incident light
to the spectrum of the light reflected from the metallic surface, as it is shown in figure
3.1.
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Figure 3.1: Example of excited plasmon resonance. Typical spectrum curve of the
reflected light from a metallic film with an excited plasmon wave when it is compared
to the incident light.
When metallic materials have dimensions smaller than the wavelength of incident
light a localized surface plasmon is excited. In this case, the free electrons in the
small metallic particle will oscillate with the same frequency than the driving light.
A resonance exists at the natural oscillation frequency of the particle, which depends
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on its size. When a group of particles are illuminated with white light, the scat-
tered light will have a different spectrum. The wavelength of the light preferentially
scattered from the particles is the plasmon resonance wavelength. This resonance
wavelength not only depends on the size of the particle, but also, on the refractive
index of the surrounding medium. If the refractive index of the surrounding media
of a particle changes, the resonance will change and hence molecular adsorption on
the particles can be detected. This property makes them good for detecting very low
concentrations of biological molecules as it will be seen in Chapter 4.
The surface plasmon resonance and the localized plasmon resonance can increase
the electromagnetic field intensities such that the fields close to the surface of the films
or particles are much larger than the incident field intensity. In the beginnings of the
1900’s Gustav Mie[49] developed an analytical method to solve Maxwell’s equations
for an illuminated small spherical particle in a homogeneous medium; giving start
to a research area interested in describing plasmonic enhancement. This plasmonic
effect has important applications in Raman spectroscopy, promoting an entire field of
research called surface enhanced Raman spectroscopy (SERS). For real scenarios, un-
like a sphere immersed in a homogeneous medium, it becomes too complicated to do
this type of analytical calculations to understand the enhancement of electromagnetic
fields. In the past two decades researchers have used computational electromagnetic
models to understand the plasmonic field enhancement using computer simulations.
With the objective of understanding the facts observed in SERS experimentation, Fu-
tamata et al.[50] did one of the first simulations of more realistic cases of plasmonic
field enhancement. They used the finite difference time domain (FDTD)[51] method
to simulate electromagnetic fields among silver nanoparticles. Since then different
studies have returned good descriptions of electromagnetic field enhancement in ar-
rays or agglomeration of nanospheres[52, 53], and nanospheres on substrates[54].
The field enhancing phenomena not only happens in films or nanoparticles, most
metals with reduced dimensions have also surface resonance and field enhancement;
among them, nanorods[55] and sharp metallic tips[56]. The field enhancement of
sharp tips depends in the diameter of the apex, the distance of the tip to the substrate
or to a particle, and the direction of the incident electromagnetic field.[57, 58, 59] The
largest enhancement of field is obtained when the electric field of the incident light
is oscillating parallel to the tip, and when the tip is located at a very short distance
from the substrate as it is illustrated in figure 3.2.
An in depth of the concepts mentioned in this subsection is given in Novotny and
Hecht[60] and Maier.[61]
Atomic force microscopy
Born as a variation of the scanning tunneling microscope,[62] the atomic force mi-
croscope (AFM) is a measurement instrument used to image the topography of any
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Figure 3.2: Typical plasmonic enhancement on sharp tips (Illustration). A sharp tip,
illuminated by a plane wave in which the electric field direction is parallel to the tip
axis, enhances the electromagnetic field below the apex.
surface.[63] In a regular measurement, a flexible probe, normally very sharp, is hold
onto a piezoelectric mechanism that moves the probe in the three axes with great
precision. A laser is aimed on the back of the probe and the reflected beam is de-
tected by a quadrant photodetector.
The AFM has two main modes of operation called non-contact and contact modes.
In contact mode the probe is touching the sample surface with a constant strength
such that when the tip bends, because a change in the surface, the photodetector
senses a movement in the reflected beam. Normally the probe is pushed onto the
surface until it reaches a zero or set point position. Next, the piezoelectric moves
the probe side to side scanning an area line by line. The probe bends more if it
encounters a small bump and it bends less if it finds a dip on the surface with respect
to the point of initial contact. The bending of the probe is translated into vertical
movement of the reflected beam. Normally, in contact mode the vertical position of
the piezoelectric is used to control the position of the reflected beam on the photode-
tector. The vertical movement of the piezoelectric and the error in the detected laser
reflection are the value of the topography of the sample.
In non-contact mode, another piezoelectric drives an oscillation on a typically
harder probe. The oscillation is set to the resonant frequency of each probe. The set
point for the approach of the tip to the sample is in terms of the amplitude of the
oscillation. On a soft approach the probe and sample move closer until the amplitude
of the probe reaches 85 to 90 percent of the original amplitude (far from the sam-
ple). In a hard approach the tip makes contact with the sample and the amplitude is
reduced to less than 85 percent. In this case the mode changes its name to tapping
mode.[64] Normally non-contact or tapping mode are used for fragile samples. In a
soft approach the tip does not make contact with the sample; however, Van der Waals
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forces between the sample and the sharp probe reduce the oscillation amplitude. The
piezoelectric holding the probe is controlled such that a constant amplitude is main-
tained.
In addition to the topography, two other values are measured with the AFM. In
contact mode, the lateral movement of the reflected beam is related to the torsion of
the cantilever of the probe; this value corresponds to the friction of the surface. In
tapping mode the difference in phase between the driving piezoelectric and the os-
cillation of the reflected beam is related to the hardness of the material being scanned.
Several researchers have done work in developing and improving the AFM, among
them Binnig and Quate[63], Rugar and Hansma,[65] and Zhong et al.[64] The im-
provements in AFM probe fabrication have allowed the manufacturing of very sharp
tips of less than 10 nm in diameter. These small features have attracted the attention
of many researchers trying to find a way, different from photolithography or electron
beam lithography, to fabricate patterns with dimensions of less than the diffraction
limit at an affordable price.
Researchers have used the AFM probes to oxidize,[66, 67] expose or scratch
resists,[68, 69, 70, 71, 72] etch material,[73] and indent surfaces.[74, 75] Most of these
techniques use the probes to drive currents, potentials, or high temperatures promot-
ing chemical or physical reactions and producing small patterns. Furthermore some
investigators have been able to move particles or transfer materials to a desired place
in which they want to form a pattern.[76, 77, 78, 79, 80, 81]
Based on the silver depositions explained in chapter 2, a technique was introduced,
in which the main objective was to use the plasmonic field enhancement generated by
a gold coated tip to increase deposition below the regions scanned. As explained in
the previous section an illuminated metallic tip can provide enhancement in the elec-
tromagnetic fields up to 20 times the incident field.[56] Although the first efforts did
not achieve an enhanced deposition, a suppression of deposition was accomplished[43].
This suppression was used to develop a “negative tone” patterning technique in which
an area is scanned to remove particles and prevent further deposition.[42]
Electron beam lithography
Electron beam lithography is a process similar to photolithography, in which the ex-
posure of the resist is not made with UV light but with a scanning focused electron
beam. The development of EBL started in the late 1960’s when researchers desired
to use the resolution of scanning electron microscopes (SEM) in a lithography pro-
cess. If a proper resist was used, and the beam and sample holder were controlled,
the formation of sub-micron patterns was possible. The first attempts of lithography
used typical photoresists; however, in 1969 Hatzakis[82] found out that PMMA was
a better resist for electron beam exposure. PMMA becomes soluble only when it is
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exposed with an electron beam. Even nowadays, researchers use this resist which
with the improvements in electron beam control can achieve patterns of less than
10nm.[83] Furthermore, resist improvements have resulted in pattern writing of less
than 4nm.[84] For more information on electron beam lithography the reader is en-
couraged to refer to McCord and Rooks.[85]
The typical process for manufacturing of metallic nanopatterns in EBL starts
with the coating of the substrate with a electron beam resist. Typically, the focused
electron beam is scanned over an area following a pre-designed pattern. To draw
the patterns, the sample holder is precisely moved and the beam is deflected and
obstructed depending on the equipment. After developing the pattern in the resist
any deposition technique (sputtering, electron beam evaporation, thermal evapora-
tion, etc.) can be used to deposit a homogeneous film. After the deposition a lift-off
process has to be made in order to remove the rest of the resist with the deposited
material on top, leaving patterns where there was no resist at the deposition time.
Countless papers have been published in which nanopatterns have been formed by
the use of electron beam lithography. Interesting applications for plasmonic sensing
and surface enhanced Raman spectroscopy have motivated researchers to pattern sub-
strates using different techniques and resists to later deposit nanoparticles synthesized
in solution and capped by citrates.[86, 87] However, because of the capping agent, the
formation of agglomerated nanoparticles is nearly impossible. More elaborated tech-
niques have been developed in order to deposit nanoparticles in a continuous fashion
such that the particles are in contact with each other.[88] Among these lines, part of
the work described in this chapter aims to deposit continuous films of nanoparticles
on pre-patterned PMMA to form small patterns. These types of patterned substrates
have applications in SERS and metallic contacts for rapid prototyping.
3.2 Experimental Setup
In this chapter, the description of two techniques used along with the laser induced
silver deposition from liquid precursors is given. The AFM tip patterning, and the
EBL patterning techniques explored here have essential differences; however, both
use the basic experimental setup explained in section 2.3.
To do the AFM patterning the sample was cleaned as explained in section 2.3 al-
ways using the APTES coating on a clean glass slide. The same illumination system
was used; however, the AFM tip was dipped in the solution of 10 mM silver nitrate
and 1 mM sodium citrate. An Agilent 5500 AFM was used with a perforated sample
holder to let the laser light go through. The AFM tips were made of silicon and
coated with a 70nm layer of gold (Budget Sensors Cont-GB); the final apex diameter
was of less than 25 nm. The Picolith application was used with a small area scanner
to move the tip and cover the desired pattern.
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For the EBL patterning a glass slide or a glass-ITO slide was cleaned inside a
clean room and plasma etched as described previously. After the plasma etch, a thin
layer of PMMA was spin coated on the slide. To form this coating, the slide was
placed on a hot plate at 150◦C for 3 minutes. Next, 950K PMMA A2 (PMMA with
molecular weight of 950,000 dissolved as 2 % in anisole) was spun at 1400 RPM during
30 seconds. Finally, the coated slide was placed in a hot plate at 180◦C for another 3
minutes. The writing of the PMMA was made in an FEI Quanta environmental SEM
(ESEM) with a Raith patterning option. The development of the pattern was made
by dipping the slide in a solution of methyl isobutyl ketone (MIBK) and isopropanol
alcohol (IPA) with a ratio of 1:3 MIBK:IPA for 30 seconds followed by spraying IPA
to wash the sample. After the development, the whole slide was placed in contact
with the APTES dilution for 30 minutes. The lift-off was made, after the deposition,
by dipping the sample in N-Methyl-2-pyrrolidone (NMP) at 70◦C for 10 minutes.
3.3 AFM Patterning
As it was mentioned before the patterning technique involving an AFM tip has been
described previously;[42] however, the nanopatterns achieved with this method were
discontinuous and large (e.g. figure 3.3). The fabricated patterns had a minimum
width of 1 µm; beyond this width, the patterns were not discernible.
With the reduction in size of the nanoparticles and increase in density of the
nanoparticle film, following the improvements described in chapter 2, this process
should form much more continuous patterns and it should be possible to go beyond
1 µm. A gold coated tip was used to mimic the conditions used in the experiment
that returned the results shown in figure 3.3. This time, since much more deposition
was expected, the illumination and scan time was reduced from five minutes to about
one and a half minutes. The results for the patterning are shown in figure 3.4. It
can be seen, when compared to the previous depositions, that the patterns with the
improved solution and coating are much more defined, the edges are sharper, and the
nanoparticles form a much denser film.
On the other hand, it seems that the coating of the slide enables the deposition of
more particles on the substrate after the tip has scanned the area. One of the most
interesting effects seen in the patterning of the bare glass was the suppression of de-
position in the areas scanned, even when trying to redeposit the area after waiting
tens of minutes after the first deposition. As an explanation for this effect, it was
stated that the movement of the illuminated tip over a newly deposited nanoparticle,
removed the nucleation point, preventing further deposition. With the APTES coat
there seems to be little or no suppression of deposition after a location is scanned.
This is seen better in figure 3.5, which shows an area of 10 µm by 10 µm scanned
and illuminated at the same time for one minute. Looking from top to bottom, the
nanoparticles become smaller and the deposition less dense; this suggests that after
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Figure 3.3: Previous patterns formed with AFM tips. Horizontal and vertical patterns
formed by the AFM patterning technique proposed in Jarro et al.[42] (a) and (b) show
patterns when the tip scanned bars of 2 µm, (c) and (d) of 1 µm, and (e) and (f) of
0.5 µm
the tip scans a line and removes the nanoparticles of that zone, the laser keeps syn-
thesizing silver and growing nanoparticles without any suppression effect.
Even with the inconvenient re-deposition, the possibility of forming narrower pat-
terns was explored and two more widths were tested. Figure 3.6 show the results after
scanning bars of 0.5 µm separated by 0.5 µm. Note that despite the re-deposition
after the tip has scanned an area, the patterns are perfectly visible.
Pushing even more the limits of this patterning technique, bars of 0.3 µm width
are patterned. The results are shown in figure 3.7. Since the separation between
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3µm
Figure 3.4: Patterns formed after improvements in deposition. An AFM is used in
contact mode with a gold coated tip to scan five horizontal bars from top to bottom.
The width of the scanned patterns is 1 µm and they are separated by 1 µm.
3µm
Figure 3.5: Deposition gradient after a complete scan. A 10 µm by 10 µm area is
scanned from top to bottom during illumination. The illumination and scan time is
one minute, the intensity is 260 W/cm2. A deposition gradient is seen at the top of
the area scanned. The deposition at the top presents large nanoparticles and a dense
film; gradually, the nanoparticles become smaller and sparse.
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Figure 3.6: Pattern formed when scanning horizontal bars of 0.5 µm in width. Hori-
zontal bars of 10 µm by 0.5 µm are scanned from top to bottom during illumination.
The illumination and scan time is 90 seconds, the intensity is 100 W/cm2.
the scanned bars of this pattern is 0.7 µm, the tip covers less area than the one in
figure 3.6; however, the scan speed was the same. This means that the tip is able to
do two passes for the top eight bars, the reason why the last two bars present more
deposition in the cleared areas. Note that there are diagonal lines joining the bar
patterns. These lines are made when the tip finishes the scanning of the last line of
a top bar and has to move to start scanning the first line of the next bar.
Clearly, a double scan of the same area is a useful tool to remove large quantities
of re-deposited nanoparticles. However, a balance between the number of scans and
quantities of re-deposition has to be found since the second scan does not match
exactly the path of the first one, especially when the repeatability of the instrument
is not perfect. Even after ruling out the repeatability issue for the second scan, the
dimensions of the cleared areas do not match the dimensions of the bars in the lithog-
raphy software; most of the cleared areas have a width of 0.4 µm instead of 0.3 µm.
3.4 Search for Enhanced Silver Growth using Illuminated Metallic Tips
The patterning technique introduced in Jarro et al.[42] and improved in the previous
section was not the main objective of this original project. The initial goal was to en-
hance deposition in areas where the tip is scanned. If an intensity threshold is found,
below which silver is not deposited, it may be possible to use plasmonic enhancement
near a gold coated tip to locally deposit silver only where the tip is scanned. This
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Figure 3.7: Pattern formed when scanning horizontal bars of 0.3 µm in width. Hori-
zontal bars of 10 µm by 0.3 µm are scanned from top to bottom during illumination.
The illumination and scan time is 90 seconds, the intensity is 100 W/cm2. The AFM’s
scan speed used for this pattern is the same as the one used for the 0.5 µm; hence, the
AFM makes almost two scans of the same pattern before the illumination is finished.
section describes the modifications to the system and process made to investigate the
plasmonic enhancement near the tip and hence deposition enhancement.
Illumination angle
A possible reason for the clearing effect used to form negative tone patterns in sec-
tion 3.3, is that the plasmonic enhancement due to the tip illumination was too small
to enhance the deposition of silver. As it was explained in section 3.1 the highest
enhancement in the electromagnetic field is obtained when the illumination of the tip
is such that the electric field is in the same direction as the axis of the probe. Our
setup does not allow such type of illumination since the liquid cell of the AFM blocks
the sides of the scanner; however, one of the modifications we could implement is
the illumination of the tip at an angle. When the illumination is not normal to the
surface there is a component of the electric field in the direction of the vertical axis
of the tip. The polarization maintaining optic fiber is rotated such that the electric
field in the focused laser beam has a component in the direction of the tip. Figure
3.8 shows the illumination system after the angle modification. To ensure that the
tip is illuminated correctly, a polarizer and the power meter were used while rotating
the fiber until a maximum power at the correct polarization was obtained.
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Figure 3.8: Experimental setup modifications for angled illumination. The light
coming from the polarization maintaining fiber optic is collimated and reflected by
two mirrors to get to the inclined objective where is focused and directed to the
sample.
The maximum inclination possible for the objective is 35 degrees. The angle is
limited by the edge of the objective hitting the sample holder. If a larger angle was
desired the objective had to be moved farther from the sample, in this case, the in-
tensity at the glass-liquid interface would be very low. Using this modification the
results were still the same, there was always less deposition in the scanned area. It
seems that even a 35 degree angle of incidence would not generate enough plasmonic
enhancement to increase deposition. Another possibility is that in contact mode the
removing effect is greater than the enhanced deposition effect. To try to reduce the
removal of nanoparticles the AFM was set to scan in tapping mode.
Tapping mode
One of the main qualities of this system is the fact that the movement of the il-
luminated AFM tip causes enough force to displace or remove a recently formed
nanoparticle. If there is an enhancement in the electromagnetic field and hence an
enhancement in deposition, these particles will be removed by the second pass of the
tip over the same line or by the scanning of an adjacent line if the tip is not very
sharp. With this in mind, the tapping mode was tried as the method to scan an area.
Tapping mode will ensure that the contact of the tip with the sample is minimum
removing the issue of a possible lateral force applied to a new nanoparticle. Addi-
tionally with a soft approach it is possible that the tip never touches the sample and
most of the times it will be very close to the substrate.
Figure 3.9 shows the deposition obtained after scanning an area of 10 µm by 10
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µm in tapping mode with a gold coated tip. The substrate is still coated with APTES
to increase deposition, the intensity is 100 W/cm2, and time of illumination is one
minute. It is clear that even in tapping mode the AFM tip hits the nanoparticles
with enough strength to displace some. The scanned area is not completely cleared of
nanoparticles as it is when contact mode is used, but there is no evidence of increase
in the deposition.
5µm
Figure 3.9: Illumination while scanning in tapping mode. An AFM gold coated tip
is set to scan a 10 µm by 10 µm area while it is being illuminated with an intensity
of 100 W/cm2. The illumination and scan time is set to one minute.
3.5 EBL Patterning
Normally EBL patterning has a step, after development of the PMMA, of deposition
of material. Usually, this deposition is made using a thin film method like thermal
evaporation, electron beam evaporation, and sputtering; however, if the desired de-
position is metallic nanoparticles another method has to be used. A popular way
to deposit silver nanoparticles is to synthesize them in solution and then immerse
the substrate in the solution; however, this technique does not form dense films. For
the cases in which a rough film is needed or an amount of nanoparticles has to be
deposited very close to each other, the laser induced deposition from liquids is a great
option. Even more, using the method proposed by our group one could pick to de-
posit sphere-like particles or plate-like particles.
EBL is used to form a pattern such that different pitch distances and line widths
are tried in the same deposition. The pattern consists of two basic shapes: vertical
bars, and grids. The vertical bars have 50 µm in length, the width have values of 10
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µm, 1 µm, 500 nm, 200 nm, and 100 nm, and the pitch between bars is twice the
value of the width of the bar. The two top grids and bars are single line writings
with pitches of 200 nm and 100 nm. For the grids the width of the bars and pitch
changes using the same values than the vertical bars. Several columns were written
with different doses. After the pattern is written, the PMMA is developed, and then
an APTES layer is placed on the whole slide.
The illumination was made with an intensity of 250 W/cm2 with small manual
movements of the laser every fifteen seconds. Following the illumination the lift off
is made. The results of the experiment are shown in figure 3.10. As it can be seen
from the figure, the deposition is very poor and discontinuous. Although the silver is
located only in the original written area, the bars are not completely deposited, even
in the bars with largest width and pitch.
The poor deposition could have been caused because of different reasons:
• The writing and development was not done correctly. Even though different
doses were tried an optimum dose might have not been used.
• An issue with the illumination. Although the illumination seemed correct in
the optical microscope before the lift off, the alignment of the laser with the
patterned region might have not been perfect; additionally, the time the illumi-
nation was left fixed in this experiment could have been too short.
• The lift off process could have removed part of the silver. Despite the fact that
the lift off process has been used previously successfully for a different type of
deposition, the nanoparticles deposited using this method can be vulnerable to
the chemistry of the lift-off solution.
• Finally and most probably, the adherence of the silver could have had issues. As
noted in section 2.4 deposition on ITO is more difficult than on glass. Usually
to increase the deposition in ITO, the substrate is left in contact with APTES
immediately after it is dipped in a solution of NaOH for a couple of minutes;
however, in this case, the APTES coating was done after the development of the
patterns. The NaOH bath could have lost its effect by the time the APTES was
placed on the slide. Also, the patterns are very small and even though APTES
is smaller than any pattern written, the superficial tension of the aqueous so-
lution could have formed bubbles impeding the APTES to touch the surface of
the ITO.
Because of the previous experience with poor deposition on glass-ITO slides the
substrate was changed for a bare glass slide. Additionally, the illumination time be-
tween each movement of the laser was increased to 30 seconds. The results of this
second experiment are shown in figure 3.11. Figure 3.11(a) shows patterns with more
silver deposited, compared to the glass-ITO slide deposition, and grids where it looks
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Figure 3.10: Patterning on glass-ITO using the EBL method. (a) Overview of the
patterns formed on glass-ITO with the illumination of the EBL written grids. (b)
Magnified image of one of the depositions of vertical bars.
like the silver has been removed. The increase in the deposition could be due to the
change in substrate or the increase in illumination time. The removed patterns might
be a low dose while writing or an excess in the time the substrate was dipped in the
lift-off solution. A higher magnification image (e.g. figure 3.11(b)) revealed that in
some areas the PMMA was not lifted-off completely. Also it is noticeable that the
patterns were more recognizable than in the previous illumination. Nevertheless, the
deposition is far from being continuous and the shape and size of the nanoparticles is
completely different to the shape and size of the nanoparticles described in chapter
2.
It is clear that a better dose/lift-off process has to be found such that the lift-off
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Figure 3.11: Patterning on glass using the EBL method. (a) Overview of the patterns
formed on glass with the illumination of the EBL written grids. (b) Magnified image
of one of the depositions of square grids.
does not remove complete grids and remove the PMMA correctly. A larger quantity
of silver was deposited in the second experiment which suggests that the illumination
time in the first experiment was too low. The difference in the shape of the deposited
particles with respect to the particles deposited on bare glass, shown in chapter 2, is
perhaps more intriguing. It is possible that the chemistry of the lift-off reacts with the
silver nanoparticles modifying its shape; a similar effect will be discussed in chapter
4.
Copyright c© Carlos A. Jarro, 2013.
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Chapter 4 Sensing applications
In this chapter the possibilities for sensing using the silver nanoparticles photode-
posited by illuminating liquid precursors are explored. As it has been shown in
chapter 2, photodeposition using liquid precursors is a convenient method to deposit
silver nanoparticles of different sizes and shapes onto glass substrates. The closeness
of the particles to each other and the sharp shapes of some of the nanoparticles sug-
gest that large field enhancement can be present in the films. It is only logical to try
these films as surface plasmon wave resonance sensors.
The chapter begins with a background and previous work section which explains
the origins and some of the theory of the plasmonic sensing methods. The next sec-
tion describes a completely different experimental setup used for the sensors. Then,
the results obtained from the experiments realized for plasmonic sensing are shown
and discussed. Finally, a different technique of sensing which uses the structure of
the deposited nanoparticles is introduced.
4.1 Background and Previous Work
Artificial sensors have been present in human life since early ages of civilization. In-
vented in China in the second century B.C., and probably one of the first sensors, the
compass indicates the direction of the magnetic pole of Earth. By definition sensors
display, or react, to the value of a measured physical property. This is a very vague
definition in part caused by the multiple applications, transducers, and displays sen-
sors have. During the last century, sensors gained popularity within the industrial
environment; however, the computer popularization and the automation of processes,
is the reason why today the word “sensor” has become present in the lives of most of
the people. Many authors have tried to categorize sensors in different ways, mostly
by its application and the transducer used.[89, 90] The sensors described in this work
are classified as chemical and optical.
Optical sensors use electromagnetic waves within the visible wavelengths to detect
a change in reflection, refraction, absorption, or scattering.[90] Among the different
optical sensors, the surface plasmon resonance sensor has gotten the attention of re-
searchers since the early 1980’s[91]. As mentioned in section 3.1, surface plasmon
waves are charge density waves normally present on metallic-dielectric interfaces.
They can be excited in two ways: illumination of a grating on a metallic film, and
using a prism to couple to a thin metallic film. Researchers have used both systems to
create chemical sensors[92, 93]; however, theoretical sensitivities are higher for prism
excitation sensors than for grating excitation sensors.[94] Additionally, prism based
sensors are easier to implement than grating based sensors.
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Since surface plasmon waves depend on different parameters, plasmonic sensors
have different ways to detect changes in the environment surrounding the metallic
film. Plasmon sensors can have angular modulation, wavelength modulation, in-
tensity modulation, phase modulation, and polarization modulation.[94] In angular
modulation the plasmon wave is excited with a monochromatic light, when the an-
alyte is in contact with the metal, the conditions for exciting the surface plasmon
wave changes, hence the angle of incidence has to be changed. The difference in the
original and final angle of incidence is related to the difference in refractive indices.
For wavelength modulation, the illumination source has multiple wavelengths; the re-
flected light is measured by a spectrometer which shows a minimum in the spectrum.
Once the index of refraction of the medium surrounding the metallic film changes,
the wavelength at which the minimum is located changes. To use intensity, phase,
and polarization modulation the angle and wavelength of the incident wave remain
constant while the intensity, phase, and polarization of the reflected light are mea-
sured respectively.
Surface plasmon resonance sensors
The first surface plasmon resonance sensor[95] used change in the angle of the re-
flected monochromatic light (angular modulation) to detect a change in the refractive
index of the analyte. Later, Zhang and Uttamchandani[93] used a white light and
a spectrometer to detect a shift in the plasmon resonance wavelength (wavelength
modulation). Some of the experiments described in this document use wavelength
modulation.
As mentioned before, plasmon resonance wavelengths are closely related to the
index of refraction of the medium surrounding a metallic surface. The typical SPR
sensing system based in wavelength modulation is shown in figure 4.1. If a metallic
film is sufficiently thin a surface plasmon wave can be excited from one side of the
film and a change in the index of refraction of the medium sitting on the film’s surface
will cause a shift in the resonance of the surface plasmon wave. The value of the shift
in the resonance wavelength will depend on the type and amount of the substance
adsorbed on the film.
Two important characteristics of plasmonic sensors are sensitivity (S) and limit
of detection (LOD). The sensitivity of a sensor is defined as the change of the out-
put divided by the change of the input. In the case of wavelength modulation the
sensitivity is defined as in equation (4.1).
S =
∂Y
∂X
=
∂λsp
∂neff
(4.1)
Where λsp is the resonance wavelength and neff is the effective refractive index of
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Figure 4.1: Typical SPR sensing method (Not to scale). A prism is used to couple
light into a plasmonic sensing film holding a drop of solution containing the substance
to detect.
the medium surrounding the metallic film. In surface plasmon resonance sensors it
is often convenient to divide the sensitivity in two different contributions: bulk sen-
sitivity (SB), or sensitivity with respect to the refractive index of the solution (nB),
and surface sensitivity (SS), the sensitivity with respect to changes in surface con-
centration (CS).
S = SB · SS =
∂λsp
∂nB
· ∂λsp
∂CS
(4.2)
The limit of detection is defined as the smallest change in the input a sensor can
detect. It can also be divided into two contributions: the LODB corresponds to
the minimum change in the index of refraction the sensor is able to detect, and the
LODS is the minimum change in surface concentration the sensor is able to detect.
The calculation of the limits of detection is obtained by using equations (4.3) and
(4.4).
LODB =
3σsp
SB
(4.3)
LODS =
3σsp
SS
(4.4)
Where σsp is the standard deviation of the measured λsp.
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Localized surface plasmon resonance sensors
As mentioned in Section 3.1 a metal limited in size in its three dimensions also presents
surface plasmons in this case called localized surface plasmons (LSP). LSPs also have
important applications in sensor systems and it is much easier to excite an LSP than
a surface plasmon wave. The resonance of localized surface plasmons depends in
the material, size, shape, and surrounding medium of a particle. To excite a surface
plasmon resonance in a particle it is sufficient to illuminate it with the correct wave-
length; an illumination with white light will usually be enough. The wavelength, at
which the extinction (the addition of absorption and scattering) is maximum, is the
resonance wavelength. Metallic nanoparticles will absorb and scatter the wavelength
corresponding to the natural frequency of the electron cloud oscillation.
The resonance wavelength shifts depending on the dielectric constant of the medium
surrounding the nanoparticles. Typical sensor systems will illuminate a transparent
substrate, holding the sensing nanoparticles, and collect the scattered, reflected, or
transmitted light;[96] with these values the extinction can be calculated. Normally
the extinction will be dominated by either the absorption or the scattering depending
on the size of the nanoparticles. For larger nanoparticles scattering will dominate,
and for smaller nanoparticles absorption will be the greatest value.[97]
Even though the plasmonic field enhancement in silver is greater than the en-
hancement in gold, gold is a much more stable material and hence used for most of
the commercial sensing systems. Silver reacts with atmospheric contaminants carry-
ing sulfurs forming silver sulfide and loosing many of its beneficial properties. One
of the advantages of the photodeposition method proposed in this document is the
ability of depositing silver nanoparticles or films in an enclosed environment.
Most of the interest nowadays in plasmonic sensors is for applications of biological
compounds sensing. A typical protein-ligand system used to test biological sensors is
streptavidin and biotin.
HPDP-Biotin and Streptavidin
HPDP-biotin is a functionalized reagent molecule with molecular weight of around
540 and a length of almost 3 nm. This compound has been used as a spacer and to
promote adsorption on metallic nanoparticles due to the di-sulfur compound. Strep-
tavidin is a large protein that can be bound very strongly to four molecules of biotin.
The strong adsorption of HPDP-biotin to metallic surfaces and the binding of strep-
tavidin to biotin makes this system ideal for characterization of different plasmonic
sensors.[98, 99, 100]
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4.2 Experimental Setup
The setup used for the experiments explained in this section is very different from
the setups of the previous chapters. The desire of using the deposited nanoparticles
and films for sensing introduced the need of a prism to couple the laser and the
spectrometer light source onto the metallic nanoparticles. The system used looks like
the system in figure 4.1 with an additional acrylic piece shown in figure 4.2.
Inlet/Outlet
O-ring
Cel ThreadedPort
O-ring
groove
Figure 4.2: Flow cell. A piece of acrylic was machined to form the flow cell used for
the experiments in this section. Each cell has two threaded ports used as the inlet
and outlet for the fluids. A channel surrounding the inlet and outlet ports is grooved
such that an o-ring can be fitted inside the channel.
The flow cell is the volume contained within the o-ring, the glass slide, and the
acrylic. Each cell consists of two threaded ports to connect the inlet and outlet, and
a channel grooved into the acrylic in order to seat the o-ring. The prism and slide are
pressed firmly against the o-ring to ensure the sealing. The depth of the groove the
o-ring is sitting on is set such that the glass slide does not touch the acrylic at any
point, even after applying pressure to seal the cell. This cell allows the inflow of silver
precursor and any other substance without exposing the silver to the atmosphere.
The glass slides are cleaned and coated with APTES following the procedure de-
scribed in section 2.3. The slide is placed on a side of a glass equilateral prism with a
small quantity of index matching liquid to prevent any optical discontinuity. Figure
4.3 shows the complete setup.
The light source is changed between a white light and a 532 nm wavelength laser;
this light is brought to the system by a multimode optic fiber, and then is collimated
and aimed at the flow cell through the prism and slide. The angle of incidence is
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Figure 4.3: Original system for deposition and spectroscopy. A collimated light is inci-
dent on a prism at an angle which provides total internal reflection at the slide/liquid
interface. The reflected light is passed through a polarizer before it reaches the spec-
troscope.
picked originally to obtain total internal reflection (TIR) at the glass/liquid inter-
face. The reflected beam is used only when measuring the spectrum and it is passed
through a polarizer before being coupled into a fiber optic for the spectrometer to
measure.
4.3 Plasmonic Sensing
In this section the experiments performed in order to use the silver nanoparticles and
film as plasmonic sensors are explained. So far the silver deposition has been done
with direct illumination; hence, the first test to make is to verify the deposition under
TIR conditions.
Silver deposition in total internal reflection
Figure 4.4 shows an SEM image of the silver deposition obtained by illuminating the
glass/liquid interface with TIR.
The deposition obtained with different intensities covered a large area on the sub-
strate and the particles had very different shapes and sizes. This type of deposition is
far from the films made with the Gaussian beam observed in chapter 2. Even though
the particles resulting from the Gaussian beam illumination had different sizes in
different sections of the film, the shape, at least in the same local intensity areas, was
the same. Most importantly for sensing, the particles made with Gaussian beams
were so close together that they made a continuous film. The nanoparticles made
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Figure 4.4: Deposition with total internal reflection. Typical deposition obtained with
illumination in total internal reflection at the glass/liquid interface. The intensity for
this deposition was about 3 W/cm2, the area was illuminated for five minutes and
the angle of illumination was 65◦. At low magnification (a) looks like there is a
good deposition; however, a larger magnifications (b) it is observed that the particles
present different shapes, different size and they are separated from each other.
with TIR are too spread to be considered a continuous film. The original concept of
deposition and sensing at the same time and angle of incidence would not work if the
intensities are not increased; however, the deposition shown in figure 4.4 was made
with maximum intensity.
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Silver deposition at smaller angles
A convenient modification made to the setup was to use TIR only for the spectrom-
eter illumination and measurements and to move the deposition laser such that a
smaller angle between the normal of the glass slide and the laser is formed. In this
way, the laser would go through the prism and the slide to form the deposition with a
higher intensity. Figure 4.5 shows the results of the deposition made with this direct
illumination.
Although the deposition seems more continuous, it is important to note that the
density of the film changes drastically in less than 20 µm. Additionally, most of the
particles deposited in the areas of high density are plate-like particles, making the
surface very rough and probably unsuitable for plasmon wave propagation. The TE
spectrum measured for these illuminations never showed a typical plasmon resonance
curve as the example in figure 3.1 shows. A common characteristic of all the deposi-
tions was the continuous decrease in reflected intensity as more silver was deposited.
This can be explained because of the TIR truncation by the silver nanoparticles being
deposited.
In aims of getting a more homogeneous film made of sphere-like particles the
output of the multimode fiber was focused onto the glass surface. It was expected
that the gain in intensity would compensate for the possible discontinuities on the
deposited film; however, focusing a beam onto a surface through a prism at an angle
of incidence different than normal caused large aberrations to the beam which pre-
vented a film-like deposition.
In the intent of having larger intensity and homogeneity with a collimated beam
the system was re-organized such that the multimode optic fiber was not needed
anymore. In the depositions showed in chapter 2 a single mode optic fiber was used
for flexibility in the positioning of the laser beam; but most importantly, the fiber
spatially filtered the laser beam. The disadvantage of the single mode fiber is that
much power is lost in the coupling. A multimode optic fiber has a much larger core
making the coupling of the laser into the fiber much easier than with the single mode
fiber, that was the reason it was used for the prism experiments; however, the ef-
fects of the fiber proved to be very damaging in terms of the spatial homogeneity.
This is the reason the deposition in one point can be so different to the deposition
25 µm apart. Without the multimode fiber, the laser will be incident directly onto
the prism and sample; depending on the quality of the beam the deposition would be
more homogeneous although a Gaussian beam is not expected directly from the laser.
Silver deposition after removing the optic fiber
Figure 4.6 shows the typical deposition obtained using the direct laser. The laser
beam shape is far from being a Gaussian; however, the larger magnification shows an
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Figure 4.5: Deposition with direct illumination. Deposition obtained with a smaller
angle of illumination, with respect to the normal of the glass surface, such that the
beam is not in TIR. The intensity of the illumination is around 10 W/cm2, the area
was illuminated for 90 seconds and the angle of illumination was 43◦. The increase in
the intensity left a much more continuous deposition as the low magnification image
(a) shows. A large magnification (b) shows that most of the deposited particles have
plate-like shapes.
improvement in the deposition. Even though there are still plate-like particles, there
are more particles with round shape and the coverage seems to make a continuous
film on a large section of the deposition.
The TM spectrum obtained from this deposition is shown in figure 4.7. The refer-
ence of this spectrum was taken before any deposition so the complete spectrum was
reflected. Note that there is a very small indication of increased absorption around
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Figure 4.6: Deposition without optic fiber. Deposition obtained when the multimode
optic fiber was removed. The laser is incident directly on the prism at an angle
avoiding total internal reflection. The intensity of the illumination is around 30
W/cm2, and the area was illuminated for 45 seconds. The increase in the intensity
left a much more continuous deposition as the low magnification image (a) shows. A
large magnification (b) shows that the deposited particles have different shapes but
more rounded particles are found.
500 nm.
Although the deposition shown in figure 4.6 looks very continuous for distances
greater than 25 µm, the spectrum obtained did not have the desired absorption min-
imum. Since the intensity at this point is the maximum obtainable without focusing
the beam, a convenient way to improve the deposition is to increase the availability
of ions. Having the flow cell in place, an easy way to increase the deposition rate is
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Figure 4.7: TM Spectrum of direct laser deposition. TM Spectrum of the deposition
shown in figure 4.6. The minimum reflected intensity is obtained around 500 nm;
however, the decrease in the reflection at this wavelength is only of around 80%.
to supply the precursor at a flow rate instead of depositing the film with static fluids.
Figure 4.8 shows the comparison of deposition made with a static liquid precursor
versus a precursor being pumped at a rate of 0.6 ml/min.
Note that not only the deposition made while pumping presents better area cov-
erage, the particles are different in shape from the ones deposited in static liquids.
There seems to be a larger number of plate-shaped nanoparticles in the films with
faster deposition rate; also, the plates are thicker than the ones originally made. The
deposition using a flowing precursor looks smoother than the static fluid deposition;
however, the spectra, taken with an incident angle of around 70◦, do not differ much
as it can be seen in figure 4.9. To obtain these spectra an additional deuterium light
source was used in conjunction with the halogen lamp to obtain larger intensities at
lower wavelengths.
The dips near 400 nm in the TE curves and 500 nm in the TM curves are consis-
tent with localized surface plasmon resonance of silver nanoparticles. The TM spectra
dips at a different wavelength probably because of the asymmetry of the nanoparti-
cles, and the effect of the substrate in the plasmon resonance which can be detected
only in TM mode. Also, the TM curve shows a broad dip centered around 850 nm,
this wavelength is consistent with excitation of a surface plasmon wave; however, in
this case, it will be too optimistic to presume there is an excitation of surface plasmon
waves because of the roughness of the film. The broad nature of the dip, presumably
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(a) (b)
Figure 4.8: Film structure comparison. (a) Typical deposition obtained by illumi-
nating a static liquid precursor. (b) Typical nanoparticles’ structure obtained when
illumination while pumping precursor at a rate of 0.6 ml/min. Both illuminations
were made with an intensity of approximately 30 W/cm2 and during two minutes.
due to the film’s roughness, can be understood like a compendium of different local-
ized plasmon resonances. The broadness and weakness of the observed dips probably
makes them unsuitable for plasmonic sensing; either way, this was tested by changing
the index of refraction of the liquid surrounding the deposited film.
Exposure of the nanoparticles to glycerol
A typical solution for verification of the sensitivity of plasmon surface resonance sen-
sors is glycerol. The next test was then to pump glycerol into the flow cell immediately
after the deposition is done and monitor the changes in the spectrum. Glycerol was
diluted at 50% weight/volume in DI water to reduce the density of the fluid and let
it flow easier into the cell. The deposition was made while pumping the liquid pre-
cursor at a 0.6 ml/min rate; the illumination time was two minutes at the maximum
intensity the system can deliver (about 33 W/cm2). After the deposition, water was
pumped into the cell for a couple of minutes in order to remove the residual precur-
sor; there was no substantial change detected in the spectrum. The following step
was to pump the glycerol into the cell, the flow rate was 0.6 ml/min and glycerol
was pumped during four minutes. During the exposure to glycerol, the TE and TM
spectra were taken; the TE curve decreased in intensity; however, the small minimum
in the reflection spectrum, shown in figure 4.10(a), did not presented any changes.
Perhaps the most interesting fact of the exposure to glycerol was noted in the TM
spectrum and after doing SEM on the sample. Figure 4.10(b) shows a complete mod-
ification of the TM curve after the glycerol was pumped into the cell; the SEM image
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Figure 4.9: TE and TM spectra of the deposition with static and flowing precursor.
(a) TE and (b) TM Reflection spectra obtained after the depositions with static flow
(blue) and with 0.6 ml/min flow rate (red). Even though the surfaces of the films
look essentially different, the spectra obtained do not differ much. Both references
were taken before deposition with the liquid precursor in the flow cell.
is shown in figure 4.11.
The exposure of the silver to glycerol changed the structure of the nanoparticles
removing every facet and making them smoother. Clearly any change in the spectrum
observed would be an effect of the shape change and not caused by any change in
plasmon wave resonance. Glycerol is a relatively unreactive material, which raises a
concern about the stability of the silver nanoparticles films. Any application from
rapid prototyping of contacts to Raman spectroscopy needs a stable structure to work.
It is clear that the use of photodeposited silver nanoparticles would be impractical in
these applications unless the silver structures could be protected. Some methods of
protection of the silver nanoparticle films are proposed in the following section.
4.4 Protection of nanoparticles structure
The modification of the structure of the silver nanoparticles brought many unan-
swered questions. It is important to verify that the modified particles are still made
out of silver and that the changes observed are only due to material movement and not
to the formation of a different compound. An energy dispersive x-ray spectroscopy
(EDS) was obtained to compare the modified particles to the particles not exposed to
glycerol. The results show that there are no peaks related to the presence of chlorine,
sulfur, and oxygen in the modified silver. These are typical silver compounds that
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Figure 4.10: TE and TM spectra before and after exposure to glycerol. (a) TE and
(b) TM spectra of the silver nanoparticle films before and after exposure to glycerol.
The TE spectra present changes in the intensity of the reflection over all wavelengths;
however, the minimum value is found at the same wavelengths. The TM spectra are
very different in all aspects; however, it seems that no surface plasmon wave has been
excited.
could have formed by chemical reaction with the glycerol. The lack of these com-
pounds suggest that the material in the modified particles is the same as the material
in the silver that was not exposed to glycerol. The EDS information is shown in
appendix A. Researchers have seen a similar transformation in silver nanoparticles
before; however most of it has been attributed to Ostwald ripening processes which
normally take long times, 16 minutes to 7 hours[101], or chemical reactions changing
the silver to silver compounds.[102] Although the composition of the silver is not
changed it is important for plasmonic field enhancement to preserve the shape of the
particles.
The most convenient way to protect the silver film is to coat it with a molecule
which can prevent glycerol to come in contact with the film. To do this efficiently, a
substance that binds with silver strongly without reacting with it is needed. APTES
has been used before to attract silver to the glass substrate, but in this case since
the silver nanoparticles film is made in citrate it is viable to use APTES to cover the
surface of the silver.
After a two minutes illumination with the precursor flowing at a 0.6 ml/min rate,
DI water was pumped for five minutes to wash the residue of precursor from the cell;
immediately after, APTES diluted 10% in DI water was pumped in for one minute
to make sure it reached the cell. The pump was then stopped and after one hour
of leaving APTES sitting over the film, DI water was pumped for 5 minutes. Next,
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Figure 4.11: Silver nanoparticles after exposure to glycerol. After the glycerol expo-
sure the particles lose their facets and become rounder.
glycerol was pumped into the cell, at a rate of 0.6 ml/min, during five minutes. Fi-
nally, DI water was flown to wash the cell and sample. The TM spectrum was taken
in this experiment and it is shown figure 4.12.
The two spectra don’t differ much from each other, there is a slight difference in
the wavelength at which the minimum value is; also, the slope of the curve after the
minimum for the film without coating is higher than the slope of the coated film. The
shift in minimum is also consistent with the response of a localized surface plasmon
resonance to the formation of a dielectric coating. These slight differences did not
predict a protection of the film; however, looking at the SEM images it is clear that
there have been some protection of the film. Comparing the film quality of figure 4.13
where the film was coated with APTES with the film in figure 4.11 it is noticeable
that the glycerol did not modified the film so drastically. Furthermore, if the struc-
ture of the particles shown in figure 4.13 is compared to the particles shown in figure
4.8(b) it can be said that the APTES coating protected the film quite well. There is
some smoothing on the film exposed to glycerol, but the shape of the particles was
preserved.
Although the coating process protected the film and nanoparticles to some degree,
it further reduced the usefulness of the system as a sensor. Specifically, the spectrum
from the APTES coated particles showed no evidence of excitation of a propagat-
ing surface-plasmon wave. In addition, when the solution was changed from glycerol
back to water there was no change in the spectrum at all. Thus, it appears that after
APTES coating the localized surface-plasmon resonance near 500 nm is no longer sen-
sitive to the surrounding medium. This would be somewhat surprising for particles
suspended in a homogeneous environment because the electric field decays over tens
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Figure 4.12: TM spectra of silver film after glycerol exposure when coated and not
coated with APTES. One of the films has been coated with APTES (red) and the
other (blue) have not had any coating.
of nanometers, thus implying the APTES coating is of a similar thickness. Previous
measurements of APTES coatings on gold thin films using a similar deposition pro-
cess revealed thicknesses of about 5 nm.[47] However, for particles on a substrate the
electric field is strongly concentrated at the substrate-particle interface, the decays
lengths are greatly shortened, and the interface may be more easily isolated from
the solution. Nevertheless, the structural modification can provide a different sensing
method. This possibility is explained in the following section.
4.5 Sensing using structural changes in nanoparticles
The structural modification of silver nanoparticles, and the possibility of a prevention
of deformation by coating the film with different compounds, offer another possibility
of using these films for sensing applications. As it was mentioned before, biotin and
streptavidin have a very strong affinity and they are a classic example of protein-
ligand binding. The proposed experiment consists of coating the silver film with
HPDP-biotin. HPDP-biotin binds very well with metals; however, biotin itself, since
is a small molecule, should not protect the film completely against the glycerol. On
the other hand, the large size of streptavidin and its affinity with biotin could coat
the surface of silver with a thick layer, preventing any penetration of the Glycerol
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Figure 4.13: APTES coated silver nanoparticles after exposure to glycerol. The silver
nanoparticles coated with APTES preserved some of their original shape (c.f. 4.8(b))
and the film is much more stable compared to the non-coated films (e. g. 4.11).
to the silver film. There could be a correlation between, resistivity, transmission, or
reflection and the quantity of streptavidin bound to the silver through biotin. Figure
4.14 shows a diagram of the method of film protection.
Silver film Silver film
Biotin
Streptavidin
Biotin
Streptavidin
Glycerol
Figure 4.14: Method of film protection with biotin-streptavidin coating. Biotin is
bound to the silver but because of its small size it will not protect the film from the
exposure to glycerol until streptavidin is flown into the cell.
This sensing method depends on finding a good way to detect small changes in
the film. The first measuring method tried was the measurement of resistivity by the
four point probe method. To perform this measurement, current was passed through
two exterior probes and voltage was measured within the path of this current making
it easy to calculate the resistance. With the resistance information a profilometer
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was used to find the thickness of the film. The resistivity can be calculated using
equation (4.5).
ρ = R · A
`
(4.5)
Where ρ is the resistivity, R is the measured resistance, A is the transversal area of
the measured region, and ` is the length between the probes measuring the voltage.
In this case, A is the multiplication between t, the thickness of the film, and W , the
width of the measuring probes. The complete equation will be:
ρ =
V
I
· t ·W
`
(4.6)
With V being the measured voltage and I the driving current. The four point probe
technique returned resistivities of approximately 5.5× 10−6Ω ·m for the film as it
was deposited, 2.7× 10−4Ω ·m for the APTES coated film after exposing it to glyc-
erol, and 1.6× 10−5Ω ·m for the non-coated film after exposure to glycerol. Typical
resistivity values for bulk silver are around 10−8Ω ·m. Even though there is a sub-
stantial difference between the values of resistivities for the different type of films,
this method was not very reliable. The contact of the probes damaged the film so
taking several measurements was not possible. Additionally, any modification on the
probes would modify the area of contact and hence the resistivity. Another possible
point of error was the unequal placement of the probes for different films. To make
this technique work, a series of metallic contacts should be patterned on top of the
film such that the measurements are taken properly each time. Perhaps, a better
solution for the measurement of the modification of the film is to make non-invasive
optical measurements using the spectrometer.
Since there is no excitation of plasmon waves in the deposited films and the rest of
the optical measurements are going to be performed off-line for the time being, there
is no reason to keep doing the illuminations through the prism. The prism was then
removed, and the rest of the experiments were done with the laser hitting the glass
slide directly at approximately a 90◦ angle. Different types of optical measurements
were tried like transmission, scattering, and reflection. Reflection was proven the best
for the type of films measured. It was found that the intensity changes, depending
on the type of film measured, because of the interaction of the films with the incident
light. Figure 4.15 shows the diagram used for the reflection spectrometry of the films.
An example of the reflection spectra obtained for the films as deposited, after
glycerol, and after APTES and glycerol is shown in figure 4.16. It can be seen that
the spectra for the film coated with APTES and exposed to glycerol is very similar in
intensity to the spectra of the unexposed film. The intensity decreases substantially
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Figure 4.15: Reflection spectrometry system. A halogen lamp acts as a source of
white light. This illumination is routed by mirrors and focused on the sample by
means of a microscope objective lens of 0.3 numerical aperture. The reflected light is
coupled to an optic fiber going to the spectrometer.
for the reflection of the film that has been degraded by the glycerol. This suggests
that the reflection spectrum is a good tool to monitor the degradation of the silver
film due to the glycerol. The next step in the sensing experimentation is to expose
the films to biotin, streptavidin, and glycerol and observe the changes in intensity of
the reflection spectrum.
Biotin is diluted in DI water with concentrations of 200 µM, 2 µM, and 0.2 µM.
The different concentrations tested were in contact with the silver nanoparticles film
for one minute. After flushing the flow cell by pumping DI water at 0.6 ml/min, glyc-
erol was flown into the cell with the same flow rate and during 4 minutes. Ideally, the
biotin should not modify the film nor prevent the film modification by glycerol. The
results were not what it was expected; the 200 µM biotin protected the film com-
pletely even if it was left in contact with the film for only one minute. This is a good
sign the biotin is binding to the silver and that this type of coverage could prevent
film degradation by exposure to glycerol; however, with such a good protection of the
film it is not possible to detect binding of streptavidin. Clearly, the concentration of
the biotin was too high; hence, the same experiment was made with concentrations
of 2 and 0.2 µM. Figure 4.17 shows a comparison of the films coated with different
concentrations of biotin after they have been exposed to glycerol.
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Figure 4.16: Reflection spectra. Curves of the spectra obtained by reflection using
the system described in figure 4.15. The intensity of the spectra obtained for the as
deposited film is very similar to the intensity reflected by the film coated with APTES
and exposed to glycerol afterwards. On the other hand, the intensity in the spectrum
of the film exposed to glycerol without any type of protective coating is much lower
in comparison. The intensity in the reflection spectra is a good measurement of the
modification of the deposited films due to glycerol.
The SEM image is good to see the deformation in a reduced area; however, to
notice subtle differences it is more convenient to take the spectra which is shown in
figure 4.18. Notice that even if the difference in intensity is not large, as the con-
centration of biotin is decreased, the reflection intensity decreases. Interestingly, the
200 µM biotin which protects the film completely presents larger reflection intensity
than the non-coated film. For the intended application the 0.2 µM concentration of
biotin is more appropriate.
After choosing a proper concentration of biotin for the experiments the next step
was to design an experiment to choose the concentration of streptavidin. Four differ-
ent concentrations of streptavidin diluted in DI water were used: 2.76 µM, 276 nM,
27.6 nM, and 2.76 nM. Each of the films coated with streptavidin was exposed to
glycerol after flushing the flow cell. Figure 4.19 shows the structural differences in
the film protection.
It is important to notice that the concentrations of 27.6 nM and 2.76 nM appar-
ently do not protect the film at all. This was confirmed by the reflection spectra and
it is shown in figure 4.20. Note that the spectra of the films incubated with strepta-
vidin concentrations of 27.6 nM and 2.76 nM and exposed later to glycerol are very
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No Glycerol 200µM Biotin 2µM Biotin 0.2µM Biotin No Biotin
Figure 4.17: SEM image comparison between different levels of film protection. SEM
image comparison for films (a) as deposited, and coated with biotin at a concentration
of (b) 200 µM, (c) 2 µM, and (d) 0.2 µM in DI water and exposed to glycerol
afterwards. The film in (e) was not protected with biotin.
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Figure 4.18: Spectra for different levels of film protection. Comparison for the spec-
trum of films as deposited, and coated with biotin at a concentration of 200 µM, 2
µM, and 0.2 µM in DI water and exposed to glycerol afterwards.
close in intensity with the film that was not treated with streptavidin. Nevertheless,
the most important information obtained from the spectra and the SEM images is
that streptavidin also binds well with silver and it can protect in part the film from
the degradation when exposed to glycerol. This behavior was not the desired effect,
protein that only binds specifically to the recognition element (in this case biotin)
would have been ideal.
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(a) (b) (c)
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No Glycerol 2.76µM Streptavidin276nM Streptavidin
27.6nM Streptavidin2.76nM Streptavidin No Streptavidin
Figure 4.19: Comparison of structure of nanoparticles as protected with different con-
centration of streptavidin. SEM image that compare the structure of the nanoparti-
cles (a) as deposited, when incubated with streptavidin in concentrations of (b) 2.76
µM, (c) 276 nM, (d) 27.6 nM, (e) 2.76 nM and exposed to glycerol, and (f) untreated
with streptavidin but exposed to glycerol.
With the information of the protection of the nanoparticles film with the different
concentrations of biotin and streptavidin; the experiment, in which both, the protein
and the agent are incubated, can be performed. For this experiment the illumination
was done as previously, two minutes at maximum intensity with flowing precursor at
a rate of 0.6 ml/min. Then, the cell was flushed as usual, by pumping DI water for a
couple of minutes at a rate of 0.6 ml/min. After washing the cells, one was incubated
with biotin by pumping it in and leaving it sitting for one minute. A different cell was
incubated with streptavidin by flowing it into the cell and leaving it sitting for two
minutes. A third cell was incubated first with biotin and then with streptavidin with
flushing in between. Finally, the incubated cells were exposed to glycerol for four
minutes at a rate of 0.6 ml/min. The concentrations chosen for the experiment were
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Figure 4.20: Reflection spectra as the film is protected with different concentration
of streptavidin. Reflection spectra of the silver nanoparticle films as deposited, when
incubated with streptavidin in concentrations of 2.76 µM, 276 nM, 27.6 nM, 2.76 nM
and exposed to glycerol, and untreated with streptavidin but exposed to glycerol.
0.2 µM for biotin and 27.6 nM for streptavidin. Individually, these concentrations do
not provide a good protection of the film against glycerol. The obtained results are
shown in figure 4.21.
Even though the incubation of streptavidin and biotin seems to return a higher
intensity for the reflection spectra, the increase in the intensity value is within the
variance of the intensity of the film when it is only treated with streptavidin. Addi-
tionally, notice that the spectra for the film protected only with biotin presents an
intensity lower than the intensity for the unprotected film. This is a clear indication
that the protection level for the biotin is also below the variance of the intensity mea-
surement. It is possible that higher concentrations of biotin and streptavidin give a
value of intensity within a better range, out of the error or variance of the intensities
for individual coatings.
For biological sensing applications these proteins and agents are not usually di-
luted in DI water; most of the times, a buffer is used such that the pH of the solution
can be controlled. Having this in mind, it is important to make sure the particles are
stable in these types of buffers. Figure 4.22 shows a silver nanoparticles film that has
been exposed to potassium chloride (KCl), a main component of phosphate buffer
saline (PBS) normally used in biological sensing.
The exposure to KCl caused a similar modification to the structure of the silver
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Figure 4.21: Reflection spectra as the film is protected with biotin and streptavidin.
Reflection spectra of the silver nanoparticle films as deposited, when incubated with
27.6 nM of streptavidin and 0.2 µM of biotin, when incubated only with 27.6 nM of
streptavidin, when incubated only with 0.2 µM of biotin, and untreated.
800nm
Figure 4.22: Silver nanoparticles film after exposed to KCl. Nanoparticles film after
being exposed to 4 minutes of flowing potassium chloride with a rate of 0.6 ml/min.
nanoparticles to the one caused by glycerol. Since PBS is a basic tool when doing
biological sensing, a device based in the sensing technique proposed in this section
would have serious obstacles to overcome.
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Chapter 5 Conclusions
This document describes the improvements and possible applications for an easy
method to deposit silver nanoparticles on transparent substrates. This method is
based on a continuous wave laser illumination of a liquid precursor, composed of
sodium citrate and silver nitrate. The applications for these substrates include an-
tibacterial surfaces, surface enhance Raman spectroscopy, rapid prototyping, and
plasmonic sensing. The proposed method can form film-like agglomeration of parti-
cles on substrates and control the shape of the nanoparticles.
Nanoparticles can have sphere-like or plate-like shapes depending on the laser
intensity used to form them. Plate-like nanoparticles formed with medium intensity
will form thicker films compared to the nanoparticle films made with the highest
intensity available. It was also found that the amount of energy incident during the
nanoparticle formation will not influence the shape as much as the local intensity.
Two different substrates were tested for the silver deposition; it was found that the
deposition is greater on bare glass than on ITO covered glass. In addition, the depo-
sition can be enhanced if the substrate is coated with 3-amino(propyltriethoxy silane)
(APTES).
A series of experiments were made successfully in order to reduce the size of the
nanoparticles. These experiments changed the silver nitrate concentration, as well
as the sodium citrate concentration in order to obtain an acceptable size and den-
sity depending on the application. As a general trend, higher concentration of silver
nitrate will tend to form more nanoparticles, as long as there is enough sodium cit-
rate; and a higher concentration on sodium citrate tends to form larger nanoparticles.
The improvements in the deposited film allowed an improvement on a patterning
technique previously introduced in which an AFM tip removes the already formed
nanoparticles, developing a negative tone pattern. The improvements of the technique
correspond to increased continuity of the film with resistivities of about 10−6Ω ·m,
and ability to form narrower patterns. The reduction in size of the patterns was of
around 60%. The continuity of the film depends directly on the coating of APTES
applied to the substrate which also influences the number of particles deposited in
the areas where it was not desired to have silver. The increase in the difficulty of
clearing areas of nanoparticles suggests that the nucleation effect on bare glass is
different from nucleation methods on APTES. The continuous improvement in this
nanopatterning technique would provide a possibility of fabricating nanopatterns us-
ing a more economical instrument.
The discovery of the negative tone nanopatterning technique was made during
the research of a positive tone patterning technique that uses field enhancement and
hence deposition enhancement in a reduced area below the apex of a metallic AFM
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probe. This improved deposition was never achieved possibly because of lack of con-
trol on the tip and the numerous unknown kinetic variables of the illuminated surface,
liquid, and tip. It is possible that even though an enhancement in the fields has been
obtained, the removal of nanoparticles is the dominant process.
A few experiments were made in order to obtain patterning with help of electron
beam lithography (EBL). EBL was used with the photodeposition using liquid pre-
cursors as a possible way to deposit agglomerated silver nanoparticles along patterned
resist. It was found that the technique needs tuning of some aspects of the process
like development, APTES coating of the patterned resist, and lift-off, before good
and continuous patterns of nanoparticles can be deposited.
Use of the deposited films as SPR sensors was unsuccessful because of the weak
excitation and substantial broadening of both propagating and localized surface-
plasmon resonances. The deposition with the laser in total internal reflection from the
glass-liquid interface was not optimal in terms of area coverage of the nanoparticles.
Also, an illumination beam obtained from a multimode optic fiber resulted in very
heterogeneous deposition density. A direct laser beam worked better; however, the
best way to obtain film homogeneity and specific nanoparticle shapes is to ensure a
high intensity Gaussian beam as the illuminating source. Nevertheless, a new sensing
method using the silver nanoparticles film and glycerol was explored.
It was found that resistivity and optical reflection returned analog values for dif-
ferent levels of film modification. A combination of biotin and streptavidin in right
concentrations can protect the film from the deformation caused by exposure to glyc-
erol; however, exposure to the components of phosphate buffer saline (PBS) has a
similar effect on the film that glycerol has. Being that PBS or similar solutions are
an important substance used in biological sensing, it can be concluded that the pro-
posed mechanism would not provide a practical biological sensing solution. More
importantly, the pursuit of the biological sensing application resulted in a verification
that a flow of the liquid precursor leaves more continuous films, and that APTES
and a high concentration of biotin can be used to protect the silver films from the
modification caused by glycerol.
Copyright c© Carlos A. Jarro, 2013.
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Chapter 6 Future Work
Because of the interesting and promising results obtained from this work and de-
scribed in this document, there are many different projects that can be designed to
continue or improve this area of research.
Often there was a struggle to obtain better and more continuous films or more
homogeneous nanoparticles, part of the reason for that struggle was the lack of a high
intensity collimated Gaussian beam. Gaussian beams form shape controlled nanopar-
ticles, continuous films, and large areas with homogeneous particles that can be used
to solve some of the issues described in this document. A better coupling system and
perhaps a single mode photonic crystal optic fiber could increase the intensity while
maintaining a Gaussian beam.
An important application for the deposition method investigated in this work is
AFM patterning. Finding a balance between AFM scan speed, illumination time and
intensity, and number of scans may be worthwhile in order to improve the patterning.
Especially for scholars that need to do nanotechnology research with limited budgets
this application has a lot of potential. Among this line, the photodeposition of differ-
ent materials has to be achieved, nanoparticles and films made of gold, copper, iron
and even chrome can have potential applications in plasmonics, rapid prototyping,
water treatment, and even photolithographic masks repair. Greater improvement in
patterning could come from trying more concentrations of the precursors and adding
surfactants to the solution to reduce particle size. The use of a closed loop AFM
scanner and scanning options like lift-mode could be used to have more control over
the tip position and to try the plasmonic enhancement as close as the tip can get to
the sample without touching it.
Perhaps the most surprising result was that the EBL patterning was not as good
as the AFM patterning. Many things can be tried to solve this issue, a different pat-
tern with longer pitches, different times for development and lift-off, different doses
for the writing, and a better way of applying the APTES coating to the developed
patterns. An experiment has to be designed to verify that NMP does not react with
the silver nanoparticles the way glycerol and KCl do.
On the silver structure modification it is important to understand the transfor-
mation process before continuing to develop more applications. Also, it may be
worthwhile to manufacture transparent substrates with ITO patterns to measure the
resistivity without obstructing the deposition or damaging the film. Although part
of the results obtained imply that the silver deposition is not very good on ITO, the
coating with APTES should reverse this and there should not be issues of depositing
on top of ITO if it is coated with APTES.
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Appendix A EDS Information
EDS Measurements were done for two different samples: after deposition, and after
exposure to the glycerol. This appendix shows a series of figures with the information
related to the EDS measurements.
Figure 1 shows different points of a sample where different spectra were taken.
This sample was not exposed to glycerol. Spectrum 4 was taken on a thick silver
particle and spectrum 5 was taken on a point free of particles. Figure 2 shows the
spectra of both points. Notice that the silver particle measurement presents a large
increase in the silver quantities, no peaks of chlorine or sulfur, and no large increases
in the oxygen peak.
Figure 1: Points used for EDS measurement of as deposited sample. The point
labeled spectrum 5 corresponds to the substrate without particles and the point
labeled spectrum 4 corresponds to an area covered with silver particles.
Figure 3 shows two points from the same sample where the two spectra were taken.
This deposition was exposed to glycerol. The point labeled spectrum 10 indicates the
position where the spectra for a particle was taken; the point labeled spectrum 11
shows the position where the EDS spectra for the substrate was taken. Figure 4 shows
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Figure 2: EDS Spectra for silver as deposited. The solid yellow curve corresponds to
the spectrum taken from the silver particle (spectrum 4 in figure 1). The red hollow
curve corresponds to the substrate spectrum. The peak labeled (K) is actually a
silver peak, very close in EDS spectra to a slightly higher silver peak.
the spectra of both points. These spectra are in agreement with the spectra for the
non-exposed sample; the spectrum of the silver particle presents a large increase in
the silver quantities and a slight increase in the carbon content.
Figure 3: Points used for EDS measurement of glycerol exposed sample. The point
spectrum 11 corresponds to the glass slide and the point labeled spectrum 10 corre-
sponds to the silver particles.
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Figure 4: EDS Spectra of glycerol exposed sample. The solid yellow curve corresponds
to the spectrum taken from the silver particle. The red hollow curve corresponds to
the spectrum taken from the glass slide.
These spectra suggest that the silver nanoparticles have not change in composition
but only in shape; additionally the small content of oxygen of the silver suggests the
particles have not oxidized much because of the exposure to glycerol.
Copyright c© Carlos A. Jarro, 2013.
68
Bibliography
[1] Nano.gov, “What is nanotechnology? — nano,” http://nano.gov/nanotech-
101/what/definition, 2013.
[2] D. O’Neal, L. R. Hirsch, N. J. Halas, J. Payne, and J. L. West, “Photo-
thermal tumor ablation in mice using near infrared-absorbing nanoparticles,”
Cancer Letters, vol. 209, no. 2, pp. 171 – 176, 2004. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0304383504001442
[3] M. Moniruzzaman and K. I. Winey, “Polymer nanocomposites containing
carbon nanotubes,” Macromolecules, vol. 39, no. 16, pp. 5194–5205, 2006.
[Online]. Available: http://pubs.acs.org/doi/abs/10.1021/ma060733p
[4] T. Masciangioli and W.-X. Zhang, “Peer reviewed: Environmental technologies
at the nanoscale,” Environmental Science & Technology, vol. 37, no. 5, pp.
102A–108A, 2003. [Online]. Available: http://pubs.acs.org/doi/abs/10.1021/
es0323998
[5] N. R. Council, Photonics and the Nanoworld. The National Academies Press,
2010, ch. 6, pp. 120–136.
[6] R. Jin, Y. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz, and J. G. Zheng,
“Photoinduced conversion of silver nanospheres to nanoprisms,” Science, vol.
294, no. 5548, pp. 1901–3, 2001.
[7] T. Tsuji, T. Higuchi, and M. Tsuji, “Laser-induced structural conversions of sil-
ver nanoparticles in pure water influence of laser intensity,” Chemistry Letters,
vol. 34, no. 4, pp. 476–477, 2005.
[8] M. Maillard, P. Huang, and L. Brus, “Silver nanodisk growth by surface plas-
mon enhanced photoreduction of adsorbed [ag+],” Nano Letters, vol. 3, no. 11,
pp. 1611–1615, 2003.
[9] T. Tsuji, N. Watanabe, and M. Tsuji, “Laser induced morphology change of
silver colloids: formation of nano-size wires,” Applied Surface Science, vol. 211,
no. 1-4, pp. 189–193, 2003.
[10] H. Lu, H. Zhang, X. Yu, S. Zeng, K.-T. Yong, and H.-P. Ho, “Seed-mediated
plasmon-driven regrowth of silver nanodecahedrons (nds),” Plasmonics, vol. 7,
no. 1, pp. 167–173, 2011.
[11] A. M. Polland and C. Heron, Archaeological Chemistry, 2nd ed. Royal Society
of Chemistry, 2008.
[12] A. R. Tao, S. Habas, and P. Yang, “Shape control of colloidal metal nanocrys-
tals,” Small, vol. 4, no. 3, pp. 310–325, 2008.
69
[13] H. Scheibel and J. Porstendrfer, “Generation of monodisperse ag- and
nacl-aerosols with particle diameters between 2 and 300 nm,” Journal of
Aerosol Science, vol. 14, no. 2, pp. 113 – 126, 1983. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0021850283900356
[14] J. Harra, J. Mkitalo, R. Siikanen, M. Virkki, G. Genty, T. Kobayashi,
M. Kauranen, and J. Mkel, “Size-controlled aerosol synthesis of silver
nanoparticles for plasmonic materials,” Journal of Nanoparticle Research,
vol. 14, no. 6, pp. 1–10, 2012. [Online]. Available: http://dx.doi.org/10.1007/
s11051-012-0870-0
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